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Smmy

Tha Air Force in coisaidetring the application of On-Board Inert Gas Generation

System (OBIGS) technology to a number of airplanes. According)y, OBIGGS that

minimixe systeh weight an voiume, airplane performance penalties, and logistics

penalties are of Riuch interest.

In rebruary 1985, th* Air Force requested the Boeing Military Airplane Company

assess the potential of n•i OB.GUS tedinology as a task under Air Force Contract

F33615-84-C-2431. To this end, new ideas and products capable of producing

significant improvements in performance over existing OBIGGS systems were

solicited during an indmatry wide surveay. The methods used to assess

performance potential involved analysis of the Air Separation Modules CASMs)

only and did not consider complete OBIGGS installations. Concepts which

promised at least an order of magnitude roeuction in size and -eight were

identified for possible experimental evaiuation.

The survey results indicated that advanced Permeable nembrane (Pis) technology

offered the greatest potential for ASH performance improvement. In particular,

A/G Technology had developed, oan a small scale, PH hollow fibers that had a high

probability of reducing the size aud weight of an ASK by at least an order of

manitude. Proposals were solicited in sv cpen competition and A/G Technology

was subsequently awarded a coratract to provide tvo AS~s for experimental

evi3.uation in the AF•K./FPSF test facilities located at gPAFB.

A second membrane manufacturer, rermea Inc. lter provided an advanced PH ASH on

a loan basis. This ASH w.,'a of Peraee's latest design and was significantly

improvtd over their previous deei£n3.

)rth A/G Technology and Permea currantly manu•facture these membrane based AS~s

for sive in industrial and comxercial applications.
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The tolloving tests were conducted to evaluate the performance of A/G Technology

and Permes AS~s:

"o Performance Envelope
"o Perforuance stability over 2000 operating hours

"o Sensitivity to 'Ilel moisture*

"o Moisture separation performance*

"o Performance during hot and cold start-ups*

"o Performance stability over 1000 ox/off cycles*

"o Sensitivity to vibration*

"o ASH vibration response characteristics*

"o Sensitivity to inlet air contaminants

"o Destructive high temperature test**

Note: * A/C only
** Pernea only

Il m ,CUl tLS 38IIUWj* thart L-tL tuGa AIG eholg n "aza aAarC-4IC.. r

significant improvements in performance over current ASH technology in a

realistic airplane environment. These improvements translate directly into

weight savings and reduced bleed air consumption. In fact, the A/C unit

achieved an order of magnitude reduction in veight compared to earlier membrane

based ASK technology from DOW. The Clifton Precision Molecular Sieve (KS) based

ASH represents current technology quite well. However, compared to Clifton MS
ASH veights, the A/C unit was about five times lighter and the Permea unit
shoved a potential of being about two times lighter.

Preliminary estimates of the total system weight (ASH + bleed air conditioning

equipment), at the specific conditions chosen for analysis in this report, show

that the A/G and Permea systems are essentially equal in terms of total airplane

weight penalties. Even though the A/G ASH weighs considerably less than the &

Permea ASK, total airplane weight penalties are similar because of Permea's

"lower bleed air system weight penalties.
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Higher operating temperatures than those used for the long term endurance tests

may be practical for both the A/C and Permea units. In fact, the Peroet ASH may

be capable of operating at temperatures as high as 2504F. Since new airplane

dovelopment it oriented to higher temperature environments, tests to evaluate

the operating temperature limits of the A/C Technology and Permea ASas would be

of interest.

In any engineering discipline, performance improvements are usually measured in

terms of a few percent and it is indeed rare that perfornance can be increased

by a factor of 10. Consequently, the A/C Technology ASH and to a lesser extent

the Permea ASH should both be considered technological breakthroughs and truly

significant accouplzh~ments.

This experimental program emphaaized ASH performance and was not a qualification
test of membrane based ASH technology for airplane applications. The next step

in membrane based ASH development is to transfer this technology to DoD

airplanes. This way be best accomplished by building a flight vorthy and fully

qualified membrane based ASH for a specific airplane application. Testing

should include a realistic ground simulation followed by an actual flight test. N

Ie
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1.0 IIwTRODW"Iri

1.1 Background

Unacceptable combat losses due to aitplane fires and explosions have prompted

extensive studies of a variety of fuel tank explosion protection concepts. As

military airplanes become more sophisticated and costly, protecting these

valuable assets, as well as improving crew safety, are important considerations.

Airplane fuel tanks have been singled out for special attention because a

significant percentage of combat airplane fires and explosions are fuel tank

related.

Fuel tanks may be currently protected from fire and explosion in several ways:

"o Reticulated foam (A-1O, F-15, C-130, F-4, etc.)

"o Halcn 1301 inerting (F-16)

"o Nitrogen inerting (C-5A/B, C-17, V-22)

ii, ltis irplarne Afual tar"Aks Witth nlatoi a &ahiu M h. U . e"-- ----- f-10
attention. Fuel tank inerting consists of reducing the oxygen concientration in

the fuel tank vapor space (ullage) to a level which will not support combustion.

Based on extensive experimental data, an ullage oxygen concentration of 9

percent has btcome the accepted criterion to ensure against fuel tank fires and

explosions.

Liquid nitrogen (LN 2 ) fuel tank inerting systems have been installed on the USAF

C-5A/B fleet. While the LN2 system provides the desired level of safety, the

use of LN2 entails a logistics problem. The C-5 LN2 system has been sized for a

maximum of two long range flights after which the system must be refilled from

LN2 ground storage. Only a limited number of bases can provide this service.

Airplanes operating from unimproved landing strips could not expect LN2 to be
available.

One proposed solution to the LN2 logistics problem is to replace the LN2 system

with an On-Board Inert Gas Generator System (OBIGGS) being developed and

advocated by the Air Force. During flight, the OBIGGS physically reduces the

oxysen concentration of high pressure engine bleed air to safe levels (below



9 percent by volume) The product gas :s often teised nitrogen eniiched air
(NEA); the oxygen rich vaste gas from the separation procv€ws 14 expelled

overboard or used for other purposes.

Satisfactory periormance of the. fl•st prototype 0DIMS has been demonstrated by

Boeing under a previous Air Force contract by conducting simulated flight tests

for a KC-135 (Reference 1). In addition, a complete flight qualified system has

been developed for the AH-64A helicopter (Reference 2). The ORIGGS have also

been chosen for other airplanes currently being developed (the C-17 and V-22)

and is being considered for the ATF.

Through about 1985, OBIGGS technology centered around two systems: a Permeable

Membrane Inert Gas Generator (PHIGG) manufactured by DOW Chemical (Reference

3,4) and a Molecular Sieve Inert Gas Generator (MSIGG) manufactured by Clifton
Precision (Reference 5). Both of these units were experimentally evaluated by

the Boeing Military Airplane Company under Air Force Contract F33615-78-C-2063.

Tht results and analyses of these experiments were published in References 1, 6

and 7.

The DOW ASH will be described here due to its similarity to the advanced AS~s

currently being developed and the fact that construction details of the advanced

units are generally proprietary. A hollow fiber permeable membrane ASH may be

constructed with either internally or externally pressurized fibers. As long as

a difference in the partial pressure of oxygen e;:ists across the wall of the

hollow fiber, selective permeation of the oxygen molecules will occur. DOW has

manufactured both types of ASnv but £ound extCLnal pLUsbur1&ation Was Ouperior

for their particular fibers. However, most advanced membrane development is

being based on internally pressurized fibers. For that reason, the construction

of an internally pressurized permeable membrane DOW ASH will be described.

The DOW ASH contains millions of hollow methyl pentene fibers, arranged in a

cylindrical bundle (Figure 1). Both ends of the fiber bundle are gathered

together at the ends and potted in epoxy tuoe sheets. After the epoxy cures, it

is shaved to open the ends of the hollow fibers. The fiber bundle is then

placed in an outer case and connected, as shown in Figure 1. In operation,
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bleed air is distributed to one tube sheet and into tho'bore of the individual

fibers. As the air flowa through the fiber, oxygen preferentially permeates the

vail of the fiber so that NSA Ax produced and collected at the opposite end of

the fiber. The KRA to then used to inert the fuel tanks. The oxygen rich gs

that permeates the fiber vall is collected and exhausted overboard. The

principal control devices are a flow control orifice located in the product

stream and an inlet pressure regulator. Note that the permeable membrane ASH is

a steady flov system.

The Clifton molecular sieve ASK is based on pressure swing adscoption of oxygen

with a minimum of two beds of synthetic zeolite material vhich ari alternately

pressurized and then exhausted to ambient (Figure 1). The Clifton ASH is,

representative of current OBIGGS technology and is the only system currentl,.

flying on DoD airplanes. The zeolite material is a UMion Carbide 4 Angstrz

molecular sieve. At high pressures, oxygen is preferentially adsorbed vithinr

the molecular sized pores of the sieve material.

The pressure swing process begins with one bed pressurized, supplying NBA

collected from the dovnstreau end of the bed, Simultancoti•ly t',6 Ottm- bV is

vented to the atmosphere allowing the oxygen rich gas to be deworbed and vented

overboard as waste gas. A small quantity of NBA is used to assist in purging

the desorbing bed. The role of the beds alternates In a cyclic process from

adsorption to desorption. Clifton Precision has built an eight bed system that

was tested by Boeing under Air Force contract (Reference 1,5). As vith the

PHIGG, the principal control devices are an orifice located in the product

stream and an inlet pressurt regulator.

Boeing has performed fire p7iotection research for the Air Force Aere Propulsion

Laboratory under Air Parca Contract F33615-84-C-2431. As a task under this

contrect, the Air Force requested that Boeings

o Assess all new OBIGGS technology and identify patticular technologies

that would provide a significant improvement in performance over the

systems tested from 1983 to 1985 (i.e., the DOV PH ASH and the Clifton

MS ASK).



o Experimentally evaluate at least one advanced ASM in order to validate

performance claims.

The technology assessment was addressed separately in an AS" technology survey

and the results are summarized in Appendix B. This technical report however,

deals solely with the experimental evaluation of the A/G Technology and Permea

ASKs.

Acting on the results of the technology assessment, the capabilities of A/G

Technology were more closely examined. Up to this point A/C Technology had been

working under a Department of Energy contract making an ASM to produce oxygen

enriched air (Reference 8). A/G Technology demenstrated the operation of an ASH

roughly one inch in diameter. This demonstration vas vitnaessed at the A/G

Technology facilities and an audit of their instrumentation was conducted to
certify observed performance. Based on the demonstration and audit, A/G

Technology was deemed to have madu valid measurements and to possess the

potential for producing ASMs of exceptio al performance fot airplane

ins allatione.

Boeing sent out requests for proposals to all companiea known to be vorking with

ASH technology. Responses were received from A/C Technology antl Applied

Membrane Technology. Due to resource limitations and the fact that A/G

Technology was well advanced in their product development, a single subcontract

was avarded to A/C Technology to provide two 3 inch diameter AShi,, on a lease

basis, for experimental evaluation.

Permea offered to supply an ASH on a loan basis, at no cost to Boeirg or the Air

Force, for testing in this pzogram. A specific loan agreement va.t. thtn

concluded between Boeing and Permea so that the Permea ASM could be in.ldted in

the testing. However, due to limitations in available test time the Perxsea unit

did not undergo a complete array of tests as did the A/G Technology wult

Prior to discussing details of the advanced membranes, it may be helpful to

define certain terms%

PermeabilityV The rate of gas transport through a membrane vall ) . r irkit

membrane thickness and unit partial pressure difference.



Separation Fattor: The ratio of oxygen to nitrogen permeability. Higher

xieparation factors will yield higher recoveries.

Recovery: The ratio of product or tiKA flow to inlet flow. tiaually liven in

percent.

Efficiency: Same as recovery.

Product Flow: The flow rate of NEA.

Vastt Flow: The flow rate of oxygen enriched gas which is. considered a reject

stream and is usually dumped overboard.

Productivity: The product flow rAte obtainable with a specific size ASH

operating at a fixed inlet pressure., alti-pode, temperature and NEA

concentration.

MODULE SIZE REUCION. H"OLLOW-FICBER M EMPIAI4I FOMPARIW4

2.1 F3 - 2 LOS*ý10LI0 MEMbRANE
40 UJM 0 LOW TOTAL PERMEADI UTY

~**1~~~ *LOW STRENWrN
2D:1S JIM WALL

JaELTHN MEMBRANET SUPOflTIED NY TN'iK

0 VERY "IGO$ TOTAL
3O" 024 PERIIEADILrY

0.090 99- 2A LBS 0 GR~EATER STRE141TH AT

HIGH&ER TEMPTAKATUCS

F~iuie 2. Advaod Mentrmno brfiobwmnw

The technology behind these advanced membranes is depicted in Figure 2 and~ i:
based on new fiber compositions. The DOV fiber was very small (roughly 40

micron OD, Pbout the size of a human hair) with a solid membrane vaill

approximately five microns thick. Since oxygen permeation through the memb~ane

wall Is indirectly proportional to the membrane thickness, the thinnest possible

atembrane wall is desired. The new approach to mnakcing these fibers yields a
fiber roughly an order cf magnitude larger in diameter (varies among

4 manufacturers) vith a porous vail (vubstrate). Hovever, the separation does not

occur across the entire wall but at a very thin "skin" on the outside of the

fiber, much less than one wicripn thick. The "skin" thickness varies among

6



*anufacture~i and is highly proprietary, Hydraulic flov actually takes place

through the porous substrate. This results in significantly greater

permeability while also yielding larger diameter fibera of higher strength and

flexibility. All current membrane development applicable to ONIGGS is based on

this type of hollow fiber.

The polymer materials used in the membrane formulations determine the operating

characteristics. In order to effectively separate gases, the membrane must be

used at temperatures at or below the so-called glass transition temperature.

The NEA flow rate generally increases as the temperature approaches the glass

transition temperature. Above the glass transition temperature, the polymer

softens and suffers a permanent drop in separation factor.

1.2 Performance Goals

For airplane applications, performance improvements over present systems would

fall into one or more of the following categories:

"o Decreased Weight

"o Smaller Physical Size

"o Lover Operating Pressure

"o Higher Operating Temperature

"o Increased Efficiency

"o Higher Reliability

The higher operating temperature and increased efficiency both combine to reduce

the weight and bleed air penalty for delivering and cooling the bleed air.

1.2.1 Weight

As with any airplane component, the weight of an OBIGGS effects airplane

performance. For example, an OBIGOS propos,.d for a KC-135 would add about 700

pounds to each airplane (Reference 7). The AGM is estimated to make up 60

percent of this weight. Reduction of system weight would reduce airplane

performance penalties. A recent study applying OBIOGS technology to an "ATF

like" airplane (Reference 9) indicated gross takeoff weight would increase by 6

pounds for every pound of equipment in order to preserve constant range.

7



1.2.2 Physical Size

2or fighter type airplanes, the system's volume can br even more critical than

its weight. The permeable membrane ASH tends to be a low density system,

requiring large volumes for installation on an airplane. A more compact OBIGGS

would provide significant packaging advantages.

1.2.3 Operating Pressure

An OBIGGS requiring inlet pressures above the available engine bleed air

pressure will require a "front end" compressor. This vill in-turn impact the
reliability of the eystem by adding further mechanical complexity. The
requirement for a compressor kast also be added to the ASH weight penalty. The

energy required to operate the compressor must also be considered. Operation of

an OBIGGS on available bleed air pressure is highly desirable.

1.2.4 Ooerating Temperature

An OBIGGS which requires inlet air temperatures below the aerodynamic recovery
temperature can not cool the bleed air solely with a ram air heat exchanger and

will need an air conditioning package (usually an air cycle machine) to lover
inlet air temperatures. Systems which could operate at temperatures above those
for the current PH and MS systems (40-751F) would be a step in the right

direction. Although recovery temperatures for supersonic airplanes can reach
the 400OF range, any increase in allowable operating temperature would at least

r•duce (i' not e . nte) the need for cooling systems other than ram air heat
exchangers. For supersonic airplanes, the OBIGGS operatvng temperature could

become more critical than weight or volume. The possibility of cooling ASH

inlet air with fuel (which can reach temperatures in the neighborhood of 150F

in the fuel tanks) is an attractive approach for such airplanes.

Weight penalties for OBIGGS bleed air cooling systems are usually higher for
retrofit airplanes than for new designs where the cooling load can be included

in the baseline ECS capacity. In the retrofit case, the existing ECS normally

cannot provide additional cooling for an OBIGGS. This leads to the need for an

additional dedicated OBIGGS cooling system.



1.2.5 Lfficiec

The engine bleed air penalties are significant, and therefore, OBIGGS with

increased efficiencies are desirable. Bleed air required to operate an inlet • g

air conditioning system must also be considered when calculating the efficiency

for an OBJGGS. Vhen analyzing bleed air cooling loads, one must consider both

operating temperature and bleed flow. For example, the total bleed flow cooling

load may actually decrease at lover ASH operating temperatures due to an

overriding decrease in bleed flow that accompanies the increased efficiencies at

lower temperatures.

1.2.6 Reliability

Reliability is paramount vhen considering the design of an OBIGGS. Substituting

OBIGGS reliability problems for LN2  logistics problems would be counter

productive. Stored gas OBIGGS, where a high pressure compressor (2000-3000 PSI)

is used to store NEA in bottles for use during short duration, high demand
periods, is receiving much attention and has been chosen for the C-17 OBIGGS
design. However, the reliability of the compressor is largely unknown.

If the performance of an advanced ASH, on a weight and volume basis, can be

improved, an advanced direct flow OBIGGS could provide the required inert gas
with a smaller and lighter package than the stored gas approach. Such a system
would be inherently more reliable.

.ith a• ..a..e and lighte package thntesoed-sap-c. uha se

r) . -7 k.ý r ~L~u.-s~~ U efor

In order to compare the potential of different size systems from different

manufacturers, their performance was normalized on a weight and volume basis

during the initial technology survey. For example:

Lbs/Kin of 5% 02 Product Gas and Lbs/Hin of 5% 02 Product Gas

Lb of ASH Ft3 of ASH

g'



This normalization assumes that these values do not change significantly with

scale. While this evaluation technique is admittedly a rough approximation, it

allows simple yet meaningful comparisons between any type and size of ASH.

The A/G Technology and Permea ASMs tested in this program had non-optimized case

hardware. Therefore weight projections were made assuming flight weight

materials were used in the construction. Using this estimation procedure,

weights can be compared for an arbitrary airplane application. This is valid

procedure since the fibers and other internal componentc should be unaffected by

the case material or thickness.

1.3 Objective and Approach

1.3.1 Objective

A test program was conducted to evaluate the performance of the A/G Technology

and Permea advanced AS~s. The testing was designed to yield basic information

about ASH performance as well as sensitivity to sucb environmental variables as

vibration and moisture. The initial performance claims made by A/G Technology

were based on rather small scale units (0.75 inch OD). This test program was

designed to validate scaled-up performance with a 3 inch ASH (suitable for an

ATF-like airplane stored gas system). The petformance data were obtained over

the widest range of operating conditions practical.

1.3.2 Approach

The approach was to conduct relatively inexpensive sub-scale tests on both the

A/G Technology and Permea AS~s to provide data that can be applied to larger

ASMs. Two separate and identi.cal AS~s were obtained from A/G Technology in

order to have a spare. Complete tests were not planned on both A/G Technology

units unless problems were encountered with one unit. Permea provided two

different ASMs but only data from the second unit were usable for this program.

Due to Permea's late entry into the program, complete testing of their unit was

not possible.

10



The tests were organized according to specific test objectives and a summary of

the entire experimental program is shown in Table 1.

Table 1. Summery of Tests Conducted

Type of test A/G Permea

Performance envelope X X

2.000 hour endurance test X

Moisture sensitivity and separation performance X

Hot/cold start-up X

Or/off cycling X

Vibration sensitivity and mechanical response X

Hydrocarbon compatibility X X

Descent transien-i simulation X

Destructive high xemperature test X

The tests were essentially conducted In the order listed above. It was desired

to obtain a good performance map of the unit before any significant number of

operating hours were accumulated. The performance stability over time was

checked after the performance envelope tests, while the potentially degrading

tests were performed at the end of testing tor obvious reasons.

INV



2.0 TMS SET-UP

2.1 Mechanical Description, Primary Test Set-Up

With the exception of the vibration tests and the Permea endurance test, a

single test set-up was assembled which could handle all of the planned testing.

The set-up (termed the primary test set-up) was initially designed and built to

handle only the A/G unit and then adapted to both the A/G Technology and Permea

ASMs. A schematic and photograph of this set-up are shown in Figure 3.

The following description refers to the Figure 3 schematic. High pressure air,

from a 2000 PSIG compressor and storage tank, was used to conduct all tests

except the vibration test. The air was first reduced in pressure to

approximately 600 PSIG before entering the ASM inlet differential pressure

regulator. This regulator controlled ASH inlet pressure while being referenced

to ASH waste pressureý The outlet of the regulator was connected directly to

the inlet sonic flow meter. Two different size nozzles were used (0.0685 inch

ID for A/G Technology & 0.0362 inch ID for Permea) since the two ASMs were of

significantly different flow capacities. With this pressure control scheme, the

inlet pressure regulator would pass the flow required to maintain its pressure

setting while using a sonic nozzle for flow measurement. Since the inlet

pressure regulator was a differential regulator referenced to waste pressure, it

automatically maintained a constant pressure difference across the ASM fibers

independent of waste pressure. Inlet pressures are referred to in this report as

gage pressure referenced to waste. This allowed changes in waste pressure

(altitude) to be made, during mapping tests for example, without affecting inlet
. . .L ... = on .. Z J....... ....

..LeUL. 1iI UILI. ILUZr.Lr 1IEU all CLLLtILL *- UILLUOUL WIALCII Cl3uW Lt

to remain choked at pressttre ratio's of 0.85 or higher.

Next the flow passed through the cooling glycol bath and the electric heater for

temperature conditioning. The glycol bath was cooled with quantities of dry ice

when ASM inlet air temperatures below room temperature were desired. The

electric heater was controlled with an electronic closed loop controller to

maintain a constant ASH inlet temperature regardless of flow. W'hen the cold °

glycol bath was used, it produced temperatures below the desired set point which

12
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required that the inlet heater be operated in otder to iccurately trim the ASM

inlet tempenature to the desireC setting. This proved to be an effective

temporeture cvntrol scheme.

The primary test set-up vas modified during the endurance testing by installing

carbon filters in place of the glycol bath. First a single carbon filter and

latter a second was installed to adsorb cil vapor contaminants. These filter

elements were Balston Type C1 and each contained 360 grams of activated carbon,

theoretically capable of adsorbing 25 percent to its weight in hydrocarbons.

After the air was heated to the desired temperature in the electric heater, it

then passed through a 0.1 Micron Balston Grade BX coalescing filter (rated 99.99

percent efficient) prior to entering the ASM. For moisture tests, steam was

added upstream of the coalescer filter and any small amounts of condensate were

continuously drained from the bottom of the coalescer,

An air operated shutoff valve was installed immediately upstream of the ASM for

use during the on/off cycling and start-up tests. Once activated, this valve

would open in approximately 0.2 seconds. It was located immediately upstream of

the ASH inlet to produce a rapid rise in inlet pressure.

The waste flow exited the ASM through two fittings on the side of the case and

directly entered the waste pressure regulator. This regulator was a

differential pressure regulator referenced to a vacuum provided by a small

independent vacuum pump. The regulator then functioned as an absolute pressure

regulator independent of waste flow or any other ASH opeiatlig parameter. The

downstream side of the waste pressure regulator was connected to two large

Kinney KD-780 vacuum pumps having a total capacity of 1300 ACFM. This system

easily allowed ASH testing at waste pressures as low as 2.0 PSIA (46,000 Ft

altitude) and up to 14.7 PSIA.

The product oxygen concentration was sampled immediately downstream of the ASH

prior to entering the product flow regulator. A small portion of the NEA flow

was diverted to a fast response Sensormedics (previously a Division of Beckman)

Model OM-11EA oxygen analyzer. A selector valve was also used to provide

nitrogen and oxygen calibration sources for the analyzer. The oxygen sampling

14



system (including analyzer) produced a stable measurement in approximately 10

seconds or less depending on the magnitude of the change in %02.

The product flow regulator was essentially an absolute pressure regulator

(referenced to an independent vacuum like the waste pressure regulator) feeding

a sonic nozzle. As with the inlet nozzles, two different size nozzles were used

(0.1367 inch ID for A/G Technology & 0.0564 inch ID for Permea). The sonic

nozzle incorporated an efficient 40 diffuser and was connected to the large

Kinney vacuum pumps to allow choked flow at inlet pressures well below ambient.

This scheme allowed accurate measurements over a wide range of flows. The

product flow was therefore independent of changes in other ASH operating

parameters (unless ASH outlet pressure dropped below the regulator setting).

The ASH was enclosed in an insulated box which was independently temperature

controlled to any desired temperature from -609F to +1400 F. An electric

heater, located inside the box, was used for temperatures above ambient while

the addition of controlled amounts of LN2 was used for temperatures below

ambient. A small fan was continuously operated inside the box to eliminate

2.2 Instrumentation Description, Primary Test Set-Up

The instrumentation measurements have been noted in Figure 3 and are listed

separately in Table 2. Equations used to 'alculate mass flovrates are included

in Appendix C. The mass flow measurements accounted for such things as changing

nozzle discharge coefficient with throat Reynolds number, flow to tae oxygen

analyzer, changes in gas constant with oxygen concentration and real gas ettects

in order to achieve the maximum flow measurement accuracy practical. The

product oxygen analyzer was regularly checked on both N2 (0 percent 02) and a 9

percent 02 calibration gas (span) in order to assure accurate product oxygen

concentration measurements. All measuremcats were continuously displayed on a

CRT for the operator and logged on an IBM-PC based data acquisition system also

shown in Figure 3.

15



Table 2. Instrumentation Measurements, Primary Test Set-Up

Mnemonic Description Range Instrument Measurement

accuracy resolution
T~raturel:

TNOZIN iniet noil e temp Ambient (Note 1) 0.16F
TASMIN ASM inlet temp -60 to 3006F (Note 1) 0.1F
T-ASM ASM tamp -60 to 300VF INote 1) 0.18F
T-BOX Box temp -60 to 300F Ote1) 0.1'F
T-PROD Product nozzle temp -60 to 3004F Note 1) 0.1*F

PNOZIN In-i 'nozzle pros 6S0 psia 0.1% fS 0.3psi
PASMIN ASM inlet pres 135 psia 0.01% 's 0.07 psi
OP-ASM ASM differential pros 10 ps$d 0.15% fs 0.005 psi
PWASTE ASM waste pros 16 SIa 0.1% fs 0.01 psi
P-PROD Product nozzle pres 135psia 0.05% fS 0.07 psi

"Oh r da:
OXPROD Pdct 0 0 to 20.9% 0.1% 02 0.01%02
DWPTIN Inlet dew pl.(note 2) -40 to + 140'F 0.4*F 0 .|F
DWPTOT Product dew pt (note 2) -40 to + 404F 0.46F 0.1*F

M ass flow s:lo ra e2
WINLET InT-e •-flow rate 3 ppm 2% 0.001 ppm
WPROD NEA mass flow rate 2 ppm 2% 0.001 ppm

Notes:
1. ± 5*F per thermocoup4e wire specifications, ± 0.19F measurement jitter, ice point checked towithin 1 0.5F.
2. The single dew point instrument was mechanically switched to Sam Ole either inlet or product gas.

With all data continuously displayed on a CRT in the desired engineering units,

the operator could control ASh operating parameters by making adjustments to

pressure regulators and temperature controllers until the desired conditions

were gchleved, The operator would then command the computer to log the current

data to disk. This procedure was used for all non-time varying data. During

transient type tests, like on/off cycling or hot/cold start-up, the computer

automatically logged data to disk at a set rate. This permitted time varying

data to be reliably acquired and latter plotted.

The moisture content of the inlet air and NEA was measured vith a single General

Eastern Model 1200 APS Dewpoint Hygrometer. This hygrometer operated on a

chilled mirror principal and measured dew points at the pressure of the sample,

referred to as a "pressure dew point". It was necessary to provide the single

hygrometer a small continuous sample of gas (0.002 PPF) from the inlet air and

NEA via a switching valve. The entire system (sample lines, valves, hygrometer,

etc) was heated for dev points above ambient temperature. Although the

hygrometer is factory calibrated and does not require periodic calibrations,

separate sources of dry N2 and 321F dew point air (ice bath conditioned) were

used for periodic calibration checks.
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In order to maximize Instrumentation accuracy, end-to-end calibrations were

performed in-place using pressure and temperature standards, such as dead weight

testers and ice baths, along with certified primary standard oxygen mixtures for

the oxygen analyzer. Although the flow meters (inlet and NEA sonic nozzles)

were not calibrated, they were fabricated according to ASME guidelines and

periodically checked in place against each other. The method of checking the

two sonic nozzles against each other consisted of closing a valve in the waste

flow line and comparing the inlet versus product ilows. Under this condition

the two meters always read within 2 percent of each other. In addition to this

flow meter check, the entire test set-up was regularly leak checked by

L.ressurizing the ASH and entire plumbing arrangement, closing all inlet and

outlet valves and measuring the leak down rate.

2.3 Vibration Test Set-Up

A schematic and photograph of the vibration test set-up are shown in Figure 4.

The ASM was mounted at both end fittings by a clamping arrangement which was
attached to a common mounting beam. The mounting beam was in turn mounted to a

Ling Model SC0300 vibration table. The decision to mount the ASH at the two end

fittings was based on the fact that most of the weight is in the end fittings

and tube sheet (See Table 6). The test set-up allowed the ASH to be operated

over the entire range of vibration frequencies of interest as well as determine

the response of the ASH relative to the input vibration level at the end mounts.

An accelerometer was mounted at one end mount and at the center of the ASH on

the plastic shell. The instrumentation measurement locations are shown in

Figure 4 and described &n a,_Le 3

The inlet air source was a low pressure "shop" air supply which was first

filtered and then regulated to the desired ASH inlet pressure. The simplicity

dictated by this set-up precluded any inlet flow measurement. The waste flow

was vented directly to ambient since from a vibration interierence standpoint it

was desirable to make no connections to the waste ports. The product flow was

connected to the oxygen analyzer prior to passing through the product flow meter

(sonic nozzle). No attempt was made to condition the inlet aiu to other than

ambient temperature.
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Table 3. Instrumentation Measurements, Vibration Test Set-Up

Mnemonic Description Range Instrurent Measurement
Seaccuracy resolution

Te ratures:
T.AMB •m ter-p Ambient 5*F 0.1:-

Pressures:
PASMIN A'SM inlet pres 100 psig 0.07% fs 0 02 psi
P-PROD Product nozzle pres 100 psta 0 06% fs 0 02 psi

Other data:
OXPROD PV-orjTv"d-•-0 2  0 to 20.9% 01%02 0.01%02
VIREXC Vibration input 106's 0 1 G 0 1 G
VIBMID Vibration @OASM center 100 G's 0 '1 G 0 1 G

Mass flows
WPROD I NEA mass flow rate 2 pPm 2% 0.001 ppm

2.4 Permea Endurance Test Set-Up

In order to permit long term endurance testing of both the A/G Trtchnology and

Permea AS~s simultaneously, a second auxiliary test set-up wes fabricated.

Testing both units in parallel meant that the 2000 hour enJurance test could be

performed in three months rather than six. While the A/G Technology unit was

accumulating hours in the primary test set-up described iiI Section 2.1, the

Permea unit was operating in the auxiliary set-up.

While the auxiliary set-up did not incorporate the iane high accuracy

instrumentation as the primary, it was an adequatf. and inexpensive method of

significantly reducing test time. A schematic anj photograph of the auxiliary

set-up is shown in Figure 5. Refr-rring to Figure 5, the inlet air was derived

.s f . .thr r;dce 6o • ------- ,- __ prescsu Cfreuinug r.tr, _. the. nrimary set- UP. This

was further reduced to the desired ASH inlvt pxessure (90 PSIG) by a simple

regulator referenced to ambient pressure. Befave entering the ASM, the air

passed through a Balston grade BX filter (0.1 Micron) and the inlet air heater.

Two filter elements were available, a plain particulate/co,'lp.scer element and an

activated carbon element.

The inlet air temperature was controlled by an electronic temperature controller

to deliver 200*F air at the ASK inlet. The ASH was not enclosed in a

temperature controlled enclosure but was instead heavily insulated. This

resulted in a temperature gradient along the ASH although the gradient remained
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nearly constant during the duration of the three month test. Typical

temperatures yore 2000F, 187"F and 17711 at the inlet, mid point and product

end of the ASH respectively.

The Inlet air flow was not measured, but rather the vast, and product flows were

metered usinig rotaueters. This provided reasnable accuracies for the purposes

of the endurance test. The t4EA oxygen conctntration was measured vith the same

analyzer as the primary set-up.

The instrumentation measurement locations are shovn in Figure 5 and described in

Table 4. Data from this auxiliary sct-up was logged manually on a daily basis

ovrathree month period. Inlet pressure varn measured with an ordinary Bourdon

Tube type pressure gage calibrated at 90 ?SIG.

Table 4. Inastrumentation Measurements, Perme. Endurance Test Set-Up

Mnemoic Dscripion n~t~munt Measurement
DesScription Range accuiraY resokA'on

*I A t 7A*9(ot
T-NEA NEAtomp@AW outlet Amb to 200% (rgoto 1O .11

*TWASTE Witsto rotmetor gas tamp Am bto 200*F ~ Note 1 0.11
T-PROD NEA rotemeter gestemp Amb to 2001T I .I*F

PASMIN AM prie 9002 ~ 0.1s 02
P-AMD Ambient pre% Ambient 0.05"l psI Opsi

OXPROD MuA 20 to 20.9% O.1%02 0.01%02

WWASTE WatI "mass flow rate 0.25 ppm 2% 0 001 ppm
WPROO NEA mesa flow rate 0.25 ppm 2% 0-001 ppm

I 51F pot tmernmouple wire spoifications, f 0 ¶*1 mrneswremerit jitter, iceponchketowhi .6
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3.0 ANDYMK'Z ASH CIBS(1IPTIOTS

3.1 A/G Technology ASH Description

Two, essentially identical, advanced AS~s were obtained from A/G Technology. A

photograph and dimensioned draying of the A/G Techaology advanced ASK are shown

in Figure 6. General speciftcations for the tvo ASHs are given In Table 5.

Hovever, as mentioned above, the fiber and ASH internal construction details are

proprietary. Although both AShs were essentially ide*tical, ASH #2 contained

certain unspecified improvements.

Table 5. AIG Technology AdvanceI ASM Specificatiom

ItmModule 0 1 Module 02
(":-'-GA-. 300S:1A1. (SM: 291500201°AL)

ASM overall length (in) 43.6 43.6

ASM overall diameter (in) 3.2 .3.2

-M ovi•al, weight (,bs) 4.0 4.16

Tubeshelttliberbundledi m(in) 2.56 2.56

Approx. active fiber lenth (in) 39 39

Bulk volu. ofe ,active tlb . "00) 201 201

End fitting/case mat'l Polysulfon- Polysu-lfone

Fitting style (inlet. JEA, wante) 1 .5 tri-lamp I .5 tri-clap

Mfgr model no. GS-SE,-7sX GS-SEl-7,X

Rated NEA flow (ppmn)- 0.815GM3 0. 7.9o36

Rated NEA recovery (%4)* "-9 - ' ID

"*9/5 %02160 psig, 30,000 ft attinucle. 100*F.

Table 6. AIG Technology Advanced ASM Weight Breakdown

Component Weight (Ibs) Percentage of total

Membrane fibers 1.32 33

Tobe sheet potting compound 0.36 9

,ittings (inlet, NEA, waste) 0.32 -

Shell (J' polysulfonet tube) 2.00 so

Total 4.00 lbs 100%
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Figure 7. NOG Technology ASM Installation
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A weight breakdown of the individual components which make up the ASH is given

in Table 6. The shell of the ASH was a 3 inch OD clear polysulfone tube with a

wall thickness of approximately 0.1 inch. This shell was designed to withstand

a 150 PSIG burst pressure for these ground tests only. This requirement would

not exist for airplane applications. The shell design requirement for an

airplane installation will probably be based on shell stiffness or fiber

containment and not burst pressure.

Referring to Figure 6, the waste fittings are located on the side of the shell

near the inlet. The NEA outlet is located at the opposite end of the ASH from

the inlet. Installation of the A/G Technology ASH in the environmental

enclosure, with inlet, waste anC NEA connections, is depicted in Figure 7.

A/G Technology's maximum recommended operating pressure (applicable only to the
two AS~s used in these tests) was a function of temperature and is shown in
Figure 8. A/G Technology's final report, containing additional information, is

included as Appendix A.
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Figure 8. Suggested ASM Operating Limits
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The fibers used in the A/G Technology ASH are manufactured in a proprietary

process which produces what is termed an asymmetrical hollow fiber. In the

cylindrical sense the fibers are symmetrical, but the asymmetrical term is used

to describe the fiber vall which is mostly porous substrate with a very thin

separating membrane skin. This construction yields a high strength fiber while

at the same time incorporates a thin integral permeable membrane for high

permeability. The thin membrane skin is the fundamental reason for "he

performance improvements over earlier membranes.

3.2 Permea ASH Description

Permea had provided two AS~s on a loan basis for testing during this program.

The first unit was accidentally damaged by over-heating localized areas of the

ASH case when heat tape was used to maintain elevated temperatures during

testing (this ASH was too large to fit in the constant temperature enclosure).

Only limited data were obtained with the first ASH before the damage occurred.

Its performance will not be addressed in this report.

The second ASH provided by Permea incorporated fibers of a recently improved

design. The second ASH was successfully tested and is described in this report.

A photograph and dimensioned drawing of the Permea ASH are shown in Figure 9.

General specifications for the Permea ASH are given in Table 7. As with the A/G

Technology ASH, certain fiber and ASH internal construction details are

proprietary. However, a limited amount of additional information is contained

in Permea's final report (Appendix I).

The shell of the ASH was standard commercial 2 inch (2.4 inch OD) fiberglass

pipe. This shell was designed to withstand at least a 150 PSIG burst pressure

for these ground tests only. This requirement would not exist for airplane

applications. The shell design requirement for an airplane installation will

probably be based on shell stiffness or fiber containment and not burst

pressure.

Referring to Figure 9, the waste fitting was located on the side of the shell

near the inlet. The NEA outlet was located at the opposite end of the ASH from

the inlet. The ends of the fiberglass pipe (inlet and NBA connections) were
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Table 7. Perma Advanced ASM Specifications

ASM overall length (in) 30

ASM overall diameter (in) 2.4

ASM overall weight (Ibs) 3.63

Tube sheetifiber bundle dia (in) 2.1

Overall fiber length (in) 25

Active fiber length (in) 20.5

Bulk volume of active fiber (in3) 71

Fiber weight (0bs) 0.4

Tube sheet weight (Ibs) 07

Case mat'l Fiberglass

Fitting style (inlet. NEA) 1/4" swagelock

Mfgr S/N 202-080

Rated NEA flow (ppm)* 0.100/0.052

Rated NEA recovery (%)* 56/39

"915 %02,. 60 psig. 30.000 ft altitude. 200.F

fitted with steel inserts into which were threaded 1/4 inch Swagelock fittings.

Installation of the Permea ASH in the environmental enclosure, with inlet, waste

and NEA connections, is depicted in Figure 10.

Permea had suggested an initial operating temperature of 2000 F. The allowable

operating pressures were actually greater than the test set--up would permit (90

PSIG) and therefore were not approached during testing. The maximum operating

pressure/temperature envelope is shown in Figure 8. The 250OF limit was

intentionally exceeded at the end of the test program (see Section 4.8).
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4.0 DESCRIPTION OF TESTS AND TEST RESULTS

4.1 Performance Envelope

Performances of the A/G Technology and Permea ASMs were measured at many

different combinatic-ns of pressure, temperature, product flow rate, and altitude

using the primary test set,-up. The dependent variables were product %02 and

recovery (product flow/Inlet flow). Except for the specific range of certain

var-ibles, both the A/G Technology and Permea ASMs were handled similarly during

the performance envelope tests. The ranges for each of the independent

variables are shown in Table 8.

Table 8. Performance Envelope Variable Ranges

Variable Ran ue

FVariable AJG Permea

NEA flow (ppm) 01-14 0025-0 15

Irlet pressure (Ps) 20-90 20-90

Tempv.ratue (°F) - 50°* 140' 120*. 200°-

waste pressure (psso) 2 0 - 14.7 20- 14.7

Note: 2.0 psia is equivvlent to 46,000 ft altitide.

Tests for all combinations ot the four independent variables were not required.

For example. the points which delivered greater than 32 %02 were generally

eliminated along with some combinations of high altitude and temperature.

When conductin& the performance mapping, test conditions most easily changed

were varied most frequently (product tlow first, inlet pressure second, wasteo

pressure third and temperature last). During these tests, the operator would

establish the desired conditions by adjusting regulators and temperature,

contuollers. When petfo.mance had stabilized, data were logged on the computeI

disk for storage and latter analysi!;.
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4.1.1 A/G Technology Performance Envelope Test Results

Two ASHs were obtained from A/G Technology. Performance mapping was primarily

accomplished using ASH #1 while leaving ASH #2 as a spare in the event that

problems arose with #1.

The test matrix used for the A/G Techno Xgy ASH is shown in Table 9 and

indicates the combinations of tempetature, iaste pressure, inlet pressure and

product flow tested. The detailed and complete results of the performance

envelope tests, in both graphical and tabular form, are included in Appendix D.

However, selected results are also presented here in graphical form.

Table 9. AIG Technology Performance Envelope Test Matrix

Tempiwaste pres combinations Pres/NEA flow combinations

Waste Temperature (OF) Inlet pressure (psig)
pres ... .. NEA flw0i(ps•t) so 75 100 120 140 0(ppm) 2 30 40 55 702

lA7 * " * 0 1 t
- - I ____ - -I ____I__

10.0 * 0.2 *

5.0 * 1 * 0.3 1 "

2.0 I 1 0.4

* Indicates tests at presif low combinbtions 0.6 * * * 0 *
shown at right.

Blank indicates no test. 0.5 A A A

1.0 0 A A

1.4 i

1 Not tested at temperatures above IOOF.
2 Not tested at temperatures above 120F.
* Indicates test.
Blank indirates no test.

Figure 11 describes the fundamental operatiiig characteristics at a nominal

temperature and waste pressure of 100'F and 5 PSIA (27,000 Ft altitude). The

trends depicted in Figure 11 are typical of all known memibrane systems. Note

that as flow is increased at constant pressute, the oxygen concentration and
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recovery increase. Increasing inlet pressure while holding product flow

constant will lover the oxygen concentration significantly but with diminishing

effect at higher pressures.

Figure 12 describes the effect of varying altitude or waste pressure at the

nominal operating conditions of 100l P and 55 PSIG inlet pressure. Note that

for constant product flow, the effect of operating at a higher altitude (i.e.

lover waste pressure) is to rdduce the oxygen concentration while leaving the

recovery essentially unchanged. If product %02 is held constant, both product

flow and recovery increase with altitude, meaning that higher altitude operation

has a purely positive impact on ASH performance.

The effect of increasing temperature while holding inlet pressure, altitude and

oxygen concentration constant is shown in Figure 13. Increasing temperatures

have a negative impact on recovery; the recovery steadily declines as the

temperature increases. However, the effect of tebperature on flow capacity is

not as clear. Figure 13 suggests an optimum temperature for each oxygen

concentration; the higher the %02 , the higher the optimum temperature. Since

testing was limited to 120OF for ASH f1, the optimum temperature for the higher

oxygen concentrations could not be determined. Temperature then is seen to have

both a positive and negative effect on performarce by improving flow capacity

while reducing the recovery.

It is difficult to completely describe the performance of the ASM in a simple

graphical manner when two dependent and four independent variables are involved.

For that reason, the mathematical performance model presented in Section 5.1 has

been found to be very useful. For example, using only the test data points, if

the effect of altitude on product flow is desired at a constant oxygen
concentration, the test data must be ctoss plotted and interpolated, a

cumbersome task. The use of the performance model in Section 5.1 makes such an
analysis considerably easier.

A limited performance map was obtained for the second ASS (planned as a spare)

since the objective was only to verify that it performed on a par with the

first. Since both ASMs were neatly identical, a thorough mapping of the second

ASH was unnecessary. The detailed results for ASH #2 are also included in
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Appendix D in both graphical and tabular form along with those for ASK #1. An

initial comparison of the two A/G units is made in Figure 14 and shows

performance to be similar but with some detectable differences. At 02

concentrations above about 7 percent, ASH #2 is slightly less productive.

However, at 02 concentrations below 7 percent, ASH #2 shows improved performance

over ASH #1. This is clearer in Figure 15 which shows the ratio of productivity

(#2/#l product flows) versus XO2. Note that at the lover 02 concentrations (in

the three XO2 range), the productivity of ASH 12 is significantly greater than

that of ASH 11.
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4.1.2 Persea Performance Envelope Test Results

The test matrix used for the Permea ASK (Table 10) indicates the combinations of

temperature, waste pressure, inlet pressure and product flow actually tested.

The detailed and complete results of the performance envelope tests, in both

graphical and tabular form, are included in Appendix E. However, selected

results are also presented here in graphical form.

Table 10. Permer Performance Envelope Test Matrix

Tempkvaste pre% combirnations PresINEA flow combinations

wave Temperature (F) Inlet pressure (psig)
pre% NEA fl-ow

(PUa) 120 150 175 200 (ppm) 20 30 45 65 90

14.7 * * * 0.025 0 * 0

10.0 * 0.050 0 * *

50 - J - 0.075 1 0

2.0 * 0.100 0 * 0

* Indicates tests at preslflow 0.125 * •
combinations shown at right.

Blank indicates no teit, 0.150 
MA

SIndicafttest•.

Blank indicates no test.

Figure 16 describes the fundamental operating characteristics at a nominal

temperature and waste pressure of 2009F and 5 PSIA (27,000 Ft altitude). The

trends depicted in Figure 16 are similar to those of the A/G unit and are again
^f,,.4... ,.f all vh im cctama. Wnrto thut An flow is increased at constant

pressure, the oxygen concentration and recovery also increase. Increasing inlet

pressure while holding product flow constant will lower the oxygen concentration

significantly but with diminishing effect at higher pressures. Although the

Permea ASH could have been operated at higher pressures, test set- up

limitations precluded this.

Figure 17 describes the effects of varying altitude or waste pressure at the

nominal operating conditions of 1201F and 65 PSIG. Note that for constant

product flow, the effect of operating at a higher altitude (i.e. lower waste

pressure) is to reduce the oxygen concentration while leaving the recovery
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essentially unchanged. If product %02 is held constant, both product flow and

recovery increase vith altitude, meaning that higher altitude operation has a

purely positive impact on ASH performance.

The effect of increasing the temperature of the Permea ASH while holding inlet

pressure, altituide and oxygen concentration constant is shown in Figure 18.

Note that the effect on recovery is for the most part negative; with the

recovery again shoving a slight but steady decline as temperature is increased.

Note that some of the data at 200*F seem to reverse this trend. This is likely

due to flow meter inaccuracies and the fact that recoveries at the lower

temperatures are estimated (see Appendix F). In any case, the decrease in

recovery as temperature is increased appears to be relatively slight. However,

the effect of temperature (within the range tested) on flow capacity is clearly

positive and produces a significant increase. Temperature then is seen to have

both a positive and negative effect on performance by improving flow capacity

while reducing the recovery. Unlike the A/G unit, Figure 18 does not suggest an

optimum temperature for each oxygen concentration; it appears that higher

temperatures vill deiiver increased flow at any pWLLI~lt0 2 of i-'r-erest for-

OBIGGS applications. Testing was limited to 200*F during the Parmea performance

envelope testing although the performance was evaluated at much higher

temperatures at the conclusion of the test program and these results are

discussed in detail in Section 4.8.

4.2 Endurance Testing

Both the A/G Technology and Permea ASMs were evaluated over a total of at least

2000 hours while operating at a pressure and temperature near their allowable

upper limits. The endurance tests established whether a performance degradation

can be expected as a function of operating hours. During endurance testing, the

ASMs were operated continuously (24 hours/day, 7 days/week) while periodically

(at least once each weekday), performance was carefully measured.

The actual endurance testing evolved from initial plans of 500 hours on only

one A/G unit to more than 2000 hours on both the A/G and Permea units. First,

500 hours were accumulated on the A/G ASK #1, then 500 hours on A/G ASH #2 and

finally the A/G ASH #2 along with the Permea unit were tested out to 2000 hours.
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The endurance tests that occvrrad after tttQ f-rat 500 &ioura were conducted to

answer questions raised by the results of the initial tests. Furthermore,

additional resources vere nude avail.ble to the prograt.

While this endurance test was not designed to yi1eld "lifetim" as a function of

pressure and temptrature, nor last for 10,000 hours (rough target lifetime), the
testing was adequate to reveal any serious ligerime problems.

The endurance testing was originally intended to bh performed with wclesn air"

on the as.sumption that the facility air was free of any significont

contaminants. Hovever, it was later found that the inlet air contained oil

vapor contaminants (not particulates or aerosol) in significant quantities. In

addition, iiqct) oil was accidentally introduced into the A/G ASH U,2 in the

middle of the 2000 hour run. These facts combined to yield a test that w•s a

combination endrance/Pont"mrant test.

4.2.1 A/C Technology Endurance Test Renultn

During all of the A/G Technology endurEince testing, the unit vas or-etated at 60

PSLG, 120'f, S.L., and 9 percent 02, Figure 19 sumnarizes the results of all

phases of the enduzance testing as percent change in "productivity" (or hew much

product flew couldl be produced at apecifiP conditionw) versus total tgmu.lative

test time.

Votet that date for both A/G units axe presented in Figure 19. Endurance testing

was first begun with ASH f1 and lasted 500 hour-s without the inlet ca:bonl

filter. When the obvioarn 6 percent degradation vac suspictod to be causfad by

the inlet ai vapoi.: conteamination, a single carboit filtex vas itstr.llcd on the

inRJt to the ASH and ASH V. vws ttu:sd for anothev- 250 hr'ara, vizh no apparent

degmdraloa from 500 to 750 hours as can be sefn in Figure 19.

±11 ohder to prove that a prcviously cntested ASM will not degrade on whct was

assurnd t%. then be chtan, carbon t.lteted aU, AE. #2 wao tesz46 for 5%79 hot,-s

and showed a slflitiCiYnt imprs-v3*ent ove). ASH 49! (Figure 19). While this trnst

t.nrfirmea thue the originally oo;erved degrrdaritvu v•ih ASH #L was i.1 large part

d;i. to the oi.l vapor covta•ninant.• n the inlet att, close InspectiCD of the dara
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in Figure 19 will reveal that ASH 62 still exhibited a slight tendency to lose

performAo.ce at the rate of 2 percent over the first 1000 hours.
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ASKt #2 endurance testing was then later extended past 2000 total hours.

However, fs can be seen in Figure 19, at approximately 1000 hours the rate of

degradation increased markedly to 5 percent per 1000 hours. This was at first

attributed to a small quantity of liquid oil that was accidentally introduced

into the ASM inlet at 952 hours. However, when the ASH was returned to A/G

Technology, a crack was discovered in an ASH internal seal that allowed leakage

of product gas directly into the waste gas. The data, which show waste flow

increasing and recovery decreasing by roughly the same amount, tend to confirm

the develop.ment of a crack. ASM #2 was repaired by A/G Technology and returned

for retest. The repairs consisted of end cap modifications to incorporate A/G's

latest construction techniques.
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The final data point shown in Figure 19 indicates the retested performance

improved but did not fully return to Initial levels. Considering the final data

point after repair, it appears that the majority of performance decline observed

in the second half of the ASH #2 endurance test was due to an ASH internal tube

sheet design flaw and not fiber degradation. However, using the final after

repair data point, the ASM still exhibited a performance degradation rate of

roughly 2 percent per 1000 hours.

In Figures 20 and 21 more detailed data are presented for ASH #1 and ASH #2

respectively in the form of the percent change in product flow, waste flow and

recovery, from initial values. Note that in addition to the steady decrease in

productivity, waste flow and to a lesser extent recovery, also decreased. The

two ASMs differed in that #1 exhibited about a 3 percent drop in recovery while

#2 (based on the final after repair data point) changed less than 1 percent. In

general, the degradation observed with both ASHs can be characterized as a

decrease in effective size.

!nsreact 4 n ^f ARM *1 after the endurance test revealed that it had a noticeable

odor (a new ASH has no detectable odor) characteristic of the air supply. This

suggested that some form of inlet air contamination was present and actually

"depositing" on the fibers. This would explain the apparent degradation. A/G

Technology has indicated that they have operated similar fibers under

approximately the sane conditions for several thousand hours vith no measurable

change in, performance (See Appendix A). The contamination was measured using a

total hydrocarbon analyzer and found to be approximately 9 PPM and 3 PPH (Parts

Per Million) upstream and downstream of the carbon filter respectively.

Appendix G contains a detailed discussion of this contamination as vwll as how

it relates to actual bleed air contaminants. Note that the effect contaminants

on ASMs will probably be different on stored gas versus demand OBIGGS (see

Section (.2).

4.2.2 Permea Endurance Test Results

Wring all the Permea endurance testing, the unit was operated at 90 PSIG,

2000 F, S.L., and 9 percent 02. Figure 22 summarizes the results of the

endurance testing as percent change in "productivity" (or how much product flow

could be produced at specific conditions) versus total cumulative test time.

Note that the Permea unit lost roughly 13 percent of its productivity
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over the 2000 hour test with the majority of the loss occurring in the first Z00

to 300 hours.

The first 952 hours of the Permea endurance vere accumulated with an inlet

carbon filter to remove the oil vapor contamination and allow data to be

collected with "clean air" first. However, the final 1064 hours were

accumulated without the inlet carbon filter (only a particulate filter) to see

what effect the oil vapor would have on degradation. The results indicated that

the oil vapor caused no noticeable increase in the rate of degradation, and in

fact the rate of performance loss appears to have actually decreased during the

second half of the testing. The Permea ASH does not seem to be sensitive to the

type of oil vapor contaminants encountered in the inlet air used In this test.
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The recovery did not change significantly considering the limitations of the

flow meters used. In general, recovery fluctuated between 48 and 49 percent and

did not exhibit any trend as did the productivity. As described in Section 2.4,

the Permea ASH was not operated in a constant temperature environment. Rather

it was simply well insulated and operated with a constant inlet temperature.

Variations in ambient temperature caused slight changes in ASH temperature which

are considered responsible for the minor productivity fluctuations shown in the

Figure 22 productivity data as well as the 1 percent fluctuations in recovery.

4.3 Moisture Sensitivity

The moisture sensitivity testing was performed only with the A/G Technology ASH.

Moisture levels up to 180 grains/Lb of dry air were tested while the ASH was

evaluated for porformance degradation during and after the moisture tests.

Figure 23 shows that 180 gr&ians/Lb is the highest moisture level expected in

flight as per HIL-E-38453A. The ASH operating conditions were 30 PSIG, 1201F,

S.b., and 9 percent 02. The ASH was operated at the rather low pressure of 30

PSIG in order to achieve the 180 grain mi4!tur P rt at !20OF ThR .....

for this can be seen in Figure 23 which shows saturation moisture levels as a

function of pressure and temperature. The moisture levels were measured by

taking samples at the ASH Inlet, which was downstream of the coalescer filter.

Figure 24 shows the effect of itrlet dew point on the performance of the A/G ASH

as moisture levels are varied from initially dry to fully saturated at 180

grains and then back to dry conditions. Note that the performance is affected

by inlet moisture but returns to initial levels when dry conditions are re-

established. The productivity is decxeased during the high dew point conditions

while recovery (not shown in Figure 24) remained unchanged. An explanation for

this sensitivity is presented in Section 5.6.

Data were also obtained on the moisture separation factor (i.e., the ratio of

moisture in the NEA to that in the inlet air). The moisture separating

efficiency data are valuable for stored gas OBIGGS applications where the water

condensate problem will have to be addressed in the high pressure compressor.

The data obtained with both inlet and product dew point measurements are

presented in Table 11. Note that the dew points were measured at the line

pressures of the inlet and product gases and are termed pressure dew points. In
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general, the normal operating ranges for the A/G ASH will yield relatively dry

product gas even under saturated inlet conditions. Further analysis of the

moisture separating performance is presented in Section 5.7.

The test procedure used in the moisture tests amounted to adding controlled

amounts of steam to the inlet air until the desired dew point was obtained.

Control of the inlet dew point was complicated by the fact that the moisture

analyzer required roughly a minute to stabilize vhile steam pressure fluctuated.
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Figure 24. ANG Moisture Sensitivity

Due to the test method mandated by only one moisture analyzer (the analyzer had

to be switched between the inlet and NEA flows), the accuracy of the moisture

separation test results was adversely affected. The test procedure required
that stable dew points first be established in the inlet air and then the

analyzer was switched to the NEA flow stream. The time required to obtain

stable readings from the moisture analyzer, along with large swings in dew point

(often on the order of 1O0 "F) meant that some "drift" in the inlet moisture

reading was unavoidable. The drift is estimated to have caused less than a 3PF
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dew point measurement error. In addition, the limited range of the dew point

meter prevented the moisture separation factor at certain conditions from being

measured entirely. The test would have benefited from the use of a second
analyzer so that a dedicated analyzer could continuously monitor both inlet and pi
NtA flow simultaneously. However, this moisture separation data should be

adequate for OBIG(S design purposes.

Table 11. AIG Moisture Separation Date

Pioduct Prtsure dew points

Inlet pressure Waste pressure T-ASM (*F) Recovery (%) Product
(pSgg) (psi&) Flow Oxygen Inlet (*F)

30.13 14.63 121.3 0.205 8.97 26.62 35.9 .22.4

30.0; 14.63 1225 0209 904 26.78 6.1 -4.9

30.08 14.61 122.7 0.208 8.97 26.33 81.5 12.1

30.17 14.59 122.7 0.208 8.96 26.61 82.0 12.1

29.97 14.!2 121.7 0.199 9.01 26.35 99.1 17.4

30.06 14.57 123.2 0.205 9.01 26.41 110.4 296

29.69 14.5A 122.8 0.199 9.05 27.03 115.1 305

29.86 14.56 1234 0.200 8.97 .26.66 121.1 34.2

60.31 14.77 121.5 0.75,9 9.74 39.47 99.8 -2.6

39-88 10.01 121.8 0.518 10.03 40.78 105.4 1.1

40.24 10.01 122.4 0.517 9.94 40.15 107.9 3.6

30.00 7.48 122.6 0.372 9.90 39.82 111.0 51.

19.96 5.03 122.8 0.241 9.98 40.29 111.5 7.6

"20.10 6.16 123.0 0.157 8.37 30.28 112.1 -2.6

30.01 9.21 122.6 0233 8.17 29.41 112.4 0.2

30.06 14.57 123.2 0205 9.01 26.91 110.4 29.6
- 1,.- -•. a& I •' n in& A ,l 21%•1 71.1 20.

30.00 14.08 121.6 0.154 7.97 2133 77.3 -3.3

30.05 11.02 121.5 0.267 901 3160 71.8 -9.4

40.04 10.8% 121.7 0263 6.07 24.99 71.6 -33.7

49.99 11.46 121.5 0337 656 25.21 72.3 -30.7
40.04 15.97 122.0 05-26- 11.27 40.32 92.2 27.3

30 33 16.06 122.3 0.253 10.18 30.72 89.9 284012517..7

50.10 11,39 122.0 0.339 6.66 25.59 102.6 -183

30.03 15.89 102.2 0.198 9.87 31.31 92.3 306

3011 14.87 101.5 0.111 7.38 20,26 91.6 5530.08 9.16 101.6 0.193 7.73 30.18 91.8 -11.4



4.4 Not/Cold Start-Up

The hot/cold start-up tests were intended to evaluate ASH performance during a

simulated start-up after a cold (-60*F) and hot (+1400?) soak. These tests

were performed only with the A/G Technology ASH. This test vas designed to

determine if any detrimental effects occur from worst case thermal transients

and how long before acceptable performance is obtained. Since significant

thermal stresses can be expected during these start-up transients, the

possibility of cracks occurring can not be eliminated without tests. While

performance was expected to be poor at the low temperatures, it is desirable for

the time required to reach operating temperature to be as short as possible.

During these tests, the ASH was brought to an initial temperature (no flow) and

allowed to equilibrate for several hours while the inlet plumbing vas maintained

at 1001F to provide the "steepest" temperature change at the ASH inlet during

start-up. This was felt to be a "worst case" situation since in an actual

airplane environment, a large portion of the inlet plumbing would also be at the

initial soak temperature causing a slower rise. At time zero, 1OOF inlet air
w;as introduced at 60 PSIC- with the product ilow preset wo ylield approximattly 7

percent 02 when the ASH reached final operating temperature. The temperature

control for the box was turned off at time zero allowing the box environment to

thermally float. This was necessary because a fan was used in the box

temperature control and provided a significant amount of convection heat

transfer from the ASK case and would not be typical of an airplane compartment.

A breakdown of the test variable. is included in Table 12.

Table 12. Hot/Cold Start-up Test CoitaVilOn

S. ... .. o.t. start Co a

Ve•I.c, T*Xt I.C. TooeJ -]--- -

lotg

M _p_162) 0 - so-

'No": I-C. a. 1MitWl co•r'dia.
Tet , Cooftw* from tom" Mo.



Neither the hot nor cold start-up tests caused any damage to the ASH or produced

any permanent performance degradation. The actual thermal response (inlet and

ASH case temperature versus time) during both the hot and cold start-up tests is

shown in Figure 25. Note that, in the lower figure, the ASH case temperature

lags significantly behind the inlet air temperature for both hot and cold

starts. The product percentO2 for the hot start shown in the upper figure

indicates no start-up delay since 1400F is essentially a high but reasonable

operating temperature. However, when starting from -60'F, the data indicate

that approximately 4 to 5 minutes are required before the ASH is "on condition".

This 4 to 5 minute period is much shorter than case temperature profile would

suggest, indicating that the fibers warm up much faster than the case.

The inlet flows varied during the start-up tests due to changing fiber

temperatures. The final inlet flow (at 1000P) was approximately 1.4 PPM but

began as high as 1.8 PPM and as low a3 0.6 PPM for the hot and cold start-up

conditions respectively.

4.5 On/iff Cycling

The on/off cycling tests were only performed with the A/G Technology ASM. This

series of experiments was included as a precaution because of the performance

degradation experienced with the DOV permeable membrane unit (Reference 1).

There was no preliminary indication that the A/G unit would be sensitive to

on/off cycling.

The A/C ASH was subjected to a nominal 1000 on/off cycles with p.riodic

performance checks to monitor potential degradation. The cycle tests were

conducted at 60 PSIG, 1200F, Sea Level and 9 percent 02 with an on/off cycle

defined as follows:

o Open ASM inlet valve.

o Allow the ASH performance to stabilize (13 seconds).

o Close the ASH inlet valve.

o Allow the ASH pressure to bleed down to ambient (4 seconds).

o Repeat the above steps.
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The ASH inlet pressure over an entire cycle is depicted in Figure 26. This

cycle time allowed an average oi 210 cycles per hour and permitted the entire

1000 cycle test to be completed In one day.

The inlet valve was an air operated ball valve intentionally located directly in

front of the ASH inlet to produce a relatively short pressure rise time. The

pressure versus time during the valve opening was measured vith a fast response

transducer and recording system. The rise time is depicted in Figure 26 and

exhibited a time constant of approximately 0.15 second with a relatively steep

initial rise (0.5 PSI/Millisecond). The time required to fully open the air

operated ball valve was roughly 0.2 second.

The performance of the A/G unit was measured periodically throughout the cycle

testing and results are presented in Table 13. Note that there was no

significant change in perfo.mance (productivity or recovery) over the entire

1000 cycles.

Table 13. AIG Performance During On/Off Cycle Tesft

Total cycles Product flow (ppm) Recovery (%)

0 0.664 34.70

so 0.662 34.65

100 0.662 34.51

200 0.663 34.59

"500 0.664 34.52

1000 0.664 34.57

Condftions- 60 puig, sre level. 1200F. 9% 0

4.6 Vibration Sensitivity

The vibration test was only performed with the A/G Technology ASH. Since the

ASM was relatively small and weighed only 4 pounds, it was practical to perform

operational vibration tests (i.e., vibrate while the ASH is pressurized and

producing NEA) and thereby assure continuous performance monitoring. This

operational vibration test determined if vibration (1) affected performance and

(2) caused undesirable mechanical response or damage.
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"Th-.! mechanical response of the ASh was meas~tred Iy recotding the transmittance

(ratio of 17's meroured at the center of the ASH to input g's at the end fitting

clamp•) as a function of excitacion frequency. This identified the resonant

frequen.cies of tba ASH and their severity. This vibration test was

developmental irn nature; thte qechanical resp,)nse of an ASM installed on an

airplane mNy be significantly different. This test was conducted in one axis

only, that perpendicular to the longitudirnal axis of the ASH.

The vibration frequencyiamplitude envelope used for these tests is shown in

Table 14. The vibration table was capable of producing only single frequency

sinus-33dal excitat~oit an6 did r.ot have random vibration capability. This

vibration envelope is specifLically for sinusoidal vibration tests and was

obtained from hIL-E-540OT, Section 3.2.24.5 which is applicable to equipment

designed for ins*.allation in jet aircraft. Note in Table 14 that certain

frequency ranges are displacement limited while others are acceleration limited.

During these tests the vibration equipment could be adjusted to any single

frequency between 5 and 2000 Hz at the amplitude specified in Table 14 while the

mechanical response or performance was recorded.

Table 74. Vibration Envelope

Frequency (Hz) Amplitude

5-14 loomills*

14-23 Ig

23-74 36 mills*

74 - 2000 log's

Displacement (0.001 inches double amplitude)

The results ot these vibration tests indicate that the ASH pertormr, nce was not

measurably affected over the entire vibration e:,velcpe. Simple visual

observation of the ASM and its fibers inside the clear case revealed no apparent

mechanical response problems such as obvious fiber movement inside the ASH1 caszC

at low frequencies.
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The transmittance of the ASH versus vibration frequency shown in Figure 27

indicates several points of resonance, the first and most prominent at 100 Hz.

This response curve is considered classic up to 300 Hz. The higher resonances

may be attributed to individual mechanical parts in this particular test

apparatus, including the accelerometers themselves. A near final design is

r.ormaliy tested before significance is given to these higher frequency

resonances.

t5-

4

0 Z

W

IIU
wto

FREQUENCY (HZ)

Figure 27. NO ASM Vibahon ReSPore

4.7 Descent Transient

The speed of response of an ASM to changin~g operating conditions (inlet

pressure, NEA flow, etc) is of irnterest for fighter applications where large

amounts of NEA must be generated quickly during high speed de:;cenits. For this
reason a test was devised which would evaluate the transient performance during
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a simulated high speed fighter type descent. This test was accomplished only

with the A/G Technology ASH and was not performed with the Permea unit. I
During this test, the inlet pressure, altitude (waste pressure) and NEA flow

were varied over a 60 second period to simulate a hypothetical fighter descent

from 45,000 Ft to sea level In one minute. Temperature was not a variable

during these tests since it could not be changEd by more than a few degrees over

the 60 second period. The values of the threE independent variables versus time

are given in Figure 28 along with the resulting NEA percent02.

For each of the specific conditions measured during the transient test (specific

inlet pressure, waste pressure and product flow), the steady state performance

of the ASH was individually measured and plotted along with the transient data

in Figure 28. Considering that the oxygen analyzer response is roughly three

seconds and has not been compensated for in this transient data, the ASH

performance during this type of descent can be assumed essentially steady state

without significant error.

4.8 Destructive High Temperature Test

All of the testing previously described for both the A/G Technology and Permea

ASMs was accomplished at temperatures thought to be conservative by the

manufacturer. However, in order to be confident of the operating safety margin

and to understand how an ASH will fail, it was desirab]e to perform a high

temperature destructive test. This type of test was performed only with the

Permea ASH and at the conclusion of all other Permea testing. A/G Technology

would not agree to this type of destructive test.

For this test the Permea ASH was installed in the primary test set-up, inside

the temperature controlled enclosure. The enclosure insulation and heater were

modified so that elevated temperatures could be obtained.

The procedure for this high temperature test was to measure performance as

temperature was increased above 200OF in small steps (approximately 200 F) until

some obvious ASH failure or marked degradation occurred. In this sense the test

was intentionally destructive
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The test procedure consisted of the following:

"o Start at ambient temperature.

"o Operate at 60 PSIG inlet and 14.7 PSIA waste pressure throughout.

"o Measure product flow and recovery vs. percent0 2 and obtain specific

data at 9 %02.

"o Repeat these measurements at 1001F, 150*F, 200*F and then 20'F

intervals until results indicate a failure has occurred.

Performance was carefully analyzed at each temperature in order to detect when

damage or a failure had occurred. These tests were accomplished over a three

day period; long term high temperature stability data were not obtained due to

test schedule priorities. In general, the ASH was operated at each temperature

for an amount of time sufficient to obtain thermal equilibrium, roughly one

hour. Since inlet flow increased with temperature, causing the ther al time

constant to decrease (see discussion in Section 5.9), less time was required to

obtain stable data at higher temperatures. An exception to this procedure was

taken at the operating temperature of 2500F where the unit was maintained for

an 0 houir perlod withI no observed. chan-c in perfor..mance.

The results of this high temperature test are presented in Figure 29. As

temperature was increpsed, it was expected that productivity would show a

steady increase and recovery would show a steady decrease. When data indicated

a deviation from this normal trend, some sort of damage to the ASH was assumed.

No gross failures were observed and in fact no obvious change in performance

was detected until the temperature exceeded the 2800F range at which point the

productivity began to slowly drop. Up to 2800F, performance was considered to

be normal. Note in Figure 29 that recovery data are not given below 2000F due

to limitations of the inlet flow meter.

These results suggest that operation in the neighborhood of 2501F may be

feasible for the Permea membrane. This could improve productivity by a nominal

50 percent (compared to 2000? operation) without significantly affecting the

efficiency and also bring OBIGGS technology significantly closer to operating on

airframe bleed air. However, these data must be viewed strictly as preliminary
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until additional long term testing is performed at these' elevated temperatures.

Without further tests, the effect of higher operating temperatures (above

200*F) on degradation rate will not be known and may be unacceptable.

During this series of high temperature tests, a partial seal failure occurred on

the inlet end of the Permea ASH (this seal prevents high pressure inlet air from

leaking past the tube sheet). Seal leakage was noticed after completing the

first series of tests above 200 0F. During all subsequent attem, ts to operate

the ASM, severe seal leakage occurred when the unit was first pressurized and

persisted for varying amounts of time (no longer than about one minute) at which

point the seal appeared to "seat". The ASM would then operate correctly until

the pressure was again cycled. Had this seal continued to leak during the

tests, measurements of ASM recovery would have detected anything of

significance.

I
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5.0 DATA ANALYSIS AND COMPARISONS

5.1 Mathematical Performance Models

The performance of all currently known ASMs can be characterized by the

following general functions:

percentO2 = f(Wnea, Pasm,in, Puacte, Temp)

Rec - f(%02 , Pasm,in Pwaste, Temp)

These functions apply to the performance of both the A/G Technology and Permea
ASMs. This performance can be summarized by noting that six variables (listed

above) are needed to describe ASH performance. Any two of the six can be
dependent while the other four are independent. To speed performance testing,

percentO2 and recovery were chosen as dependent ",ariables and this has been

followed in the mathematical modeling presented here.

By examining the data presented in Section 4.1 and Appendices D and E, the

difficulty of completely describing the performance of the ASH in a simple

graphical manner can be seen when two dependent and four independent variables

are involved. For that reason, the mathematical performance models presented

here have been found to be very useful. Fcr example, using only discrete test

data points, specific analyses frequently require that data be cross plotted and

interpolated before the performance at a given operating point is obtained.

This is a cumberxome task at best and often limits or precludes an analysis

entirely. Use of the simple performance models presented here makes such an

analysis considerably easier. These models are devised so that a sing].e

equation can be easily programmed in a line of a computer program or a single

cell of spreadsheet on i. personal computer.

Models are presented here for both of the A/G Technology ASHs (#1 and #2) and

the Permea ASH. These models were developed largely on a trial and e.-or basis

using Lotus 123 on an IBM PC. While the details will not be discussed, the

model development generally proceeded as follows:
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* NEA flow and inlet pressure were first modeled. A single term was

derived that allowed %02 and recovery to be plotted as a single line at

a constant waste pressure and temperature.

o Then a term describing the effects of waste pressure was added while

temperature was still held constant.

o Finally a temperature term was added that allowed all data to be roughly

plotted as a single line (not necessarily linear).

The values of constants were determined by trial and error using a computer

graphics display for visual feedback. A nonlinear regression analysis was also

used for this purpose but proved inferior to the visual method, especially when

it was desirable to weight certain performance ranges.

Mathematical models were developed using this procedure for both A/G ASMs and

the Permea ASM and are presented in Figures 30 through 32. Straight line

approximations are offered which are reasonably good fits in the 5 to 9 percent

0 2 range. Othez ranges of can be fiiLed if debiLed. Expii-il trqUtLioLSt. a!

given below for calculating percentO2 and recovery in the 5 to 9 percent 02

range.

%0=207 W1(6 + ' (6 )'1I 7 17 (APi) -1.52 IAIG(AsM #1J

Rec=4.68 + 18 AP 4 +4)+ 1_( 4 +5.0

W'=595 +98 - 26 r")-4.15

lPerraea

Re. .4.34 110 +F 25- &) +16.0

where: P = ASM Intel Presoure, PSIG

S.4 (P + IV7 - . P + PmJ )- 1.

r 14.7 -

PWASTE •"ASM Waste PressurePSIA

T - ASM Temptrature.'R

65I



INCLUDES ALL ASM #1 PERFORMANCE DATA
19 -...

is 0

17 TEMPE:RATURS 3

16 - l 50*F X +

15 + 75 TF

1 4 - 0 
2 005 2

0 1007F

13

10 + 4 6
10- x= ~p + 7 )"r-

where P = Inlet Pres. PSIG
7

6 a P-1.' (P P+14.7 )-1.4 - + PW4STEjI

5 14.7 PWASTE
4 - PWASTE = Wasit Pres, PSIA

3 - 0W Product Flow. PPM

2 - T =Temp. R

0.01 0.03 0.05 0.07 0.09 0.11 0.13
x

INCLUDES ALL ASM #1 PERFORMANCE DATA
90

TEMPERATURES

80 - 50"T"03

+ 75 T
70

o0 100F

N; 60 I 2*
'"- 120

W 50

w
M: 40

S30

Ln
SX 2= P0 + (ap 1 + 1 )-)4,

whfre P = Inlet Pres, PSIG

20 A P 1 4 (P+ PWASTE

14.7 I PWASTE

I P¢AS'T"= Waste Pres. PSIA

T' Uep. -R

0 2 4 6 8 10 12 14
IV

FiquJ8 30. ASM1 Pettormarni- Model



INCLUDES ALL ASM #2 PERFORMANCE DAIA

13 -

12 - TELWER~ATURES

0 1007F

+ 1201.i

10 0 140o F Y 175 X - 3 7 l

0.<
9

4- F-t]8 %1,4 0" 0 4r-41

7 X =('1 , ) ( ,

0
6 where i' -= Int'it Prem. PSI(;

$A.. L11,)- 4 P + P4 + ASU-5.4 14 __ , .. ,7 pi .

/ / liWAS% I L'

4 'WA" PwA i.. = iluste Pres, I'SIA

4'W Product Fiw, (PPM

T Temp. 'it

2 
o

O.U3 0.05 0.07 0.00

INCLUDES ALL ASM #2 PERFORMANCE DATA
60 -

TI;M/_I'L"RA TUtUI

50 G 
r -"

+ i2t',•

400 140° t

40 je ,,. 2X8

30 X ,O + (a- 18 11 (1-I

i 20n, " where P Inlet I'res. PSIG

Apr 14Pi.51- -14

014 7 -- -)

10- c' /1WAi'//'. : %irte Pr','.. /'.SIA
.-I

'0 
7 T 7Temp. *Ii

- 3 7 9

Figure 31. AIG ASM #2 Pefu ?anwe A"cI

67



INCLUDES ALL PERFORMANCE DATA

22-

[3 120*F
+ C

20 + I.soF 0

16 -

14 
1.149 X47

1Y = %0• + (AP- )25

12 X=( Wit + L5 t(60 5

10- p 66  p/TI

. where P M Intle Pres, PSIG
Pp 1 =( _+ 14.7 1-14 - ( P + PwA~ E 14sT ) |4

8 IP+ 14)7 t PW+AST

PWASTE = Waste Pres, PSIA

W = Product Flow. PPM

2 T = Temp, *R

0 0.02 0.04 0.06
x

INCLUDES ALL PERFORMANCE DATA
100-

2h.MLUIAILLRES
90 - 0} 121)*f'" E

00
+ /11S, 4;340

80. 0 175,'!,

A1 200'1
I: 70 -4-

6A0

x ,- + (4r-')-- ,..•1-- , )+4J

40 - + where P Iris, P,,,. PSIG

=P 1.4 + 141 14 P+P-A 1

30 -"V -4 ( WASflK) 1

PWASTEP; Wan•" Pres. 'SIA

20 - --- 0& 7/'= Temp. h

10 ' I -

0 2 4 6 8 10 12 14 16 18 20

x

Figure 32. Permee Pedformance Model

66



These models are specifically valid only for ASKs of the size tested here,

Howe~er, they can be easily and accurately adapted to any size ASH that uses the

same fibers by simply inserting a size factor in front of the NEA flow rate term

wherever it appears. For example:

If,

X02 . f(W"6 ) for a specific ASH, then

0Z2 - f(SrW[]6 ) for any size ASH (where Sr =Size Ratio).

The size ratio would ideally be the ratio of active fiber areas but could also

be the ratio of fiber lengths or the square of fiber bundle diameters. The

re.covery models are independent of ASH size.

5.2 General ASK Comparison

The A/G and Permea ASMs, along with the Clifton molecular sieve ASH have been

compared qualitatively in Table 15.

Table 15. General ASFA Comparison

Category A/G Clifton Permea

Operating pressure Med Low Med-high

Operating temperature Med Low High

ASM weight Low High Med

Moving parts None Yes None

Reliability Unkwn Proven Unkwn

Size Small Med Med

Thermal time constant Small Large Med

It is obvious that the new advanced membrane ASMs appear to be superioL in

virtually every categoty. The reliability of a membrane unit is largely unknovn

and will not be firmly established until operational experience is obtained.

While the ideal operating pressure for the membrane units is listed as being
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higher than that of the molecular sieve, the weight penalty analysis presented

-in the following sections will show that a membrane unit still offers

,significant weight savings, even at relatively low pressures.

5.3 ASH Weight Comparison

Height is one of the most important considerations for the application of OBIGGS

to airplane fuel tank inerting. Therefore, it is of interest to make direct

weight comparisons at specific conditions between the various ASH technologies.

The ASM weight required for a specific application can be scaled from prototype

test data available in this report for the A/G and Permea advanced ASMs and from

other sources for Clifton and DOW. The specific conditions chosen for this ASH

weight comparison are as follows:

o 1 PPM NEA5

o 36 inch Maximum Overall ASH Length

o 27,000 Ft Operating Altitude (5 PSIA Waste Pressure)

o Individualized ASH Operating Temperatures

- 100°F for A/C

- 200'F for Permea

- 75 0 F for DOW

- 40*F for Clifton

The operating temperatures chosen for the A/C and Permea units were based on

nominal temperatures at or slightly below those at which most of the test data

was obtained and endurance testing performed. The temperatures chosen for DOW

and Clifton were considered optimum in earlier test programs (Reference 1).

One method of scaling test data is termed direct weight scale-up. Direct weight

scale-up is accomplished by simply multiplying the weight of the tested ASH by

the ratio of the desired to tested NEA flow. There are significant problems

with this method since ASMs tested in this program as well as earlier programs

were not airplane weight units. Further, direct scale-up is equivalent to

utilizing multiple ASMs with the same diameter and length as the tested units

and does not produce an efficient (from a weight standpoint) OBIGGS design.
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The A/G and Permea ASMs tested in this program were not true airplane weight

units and can be expected to be lightened considerably during design refinements

for specific airplane applications. The A/G unit was the only possible

exception since it was of reasonable size (2.5 inch OD fiber bundle) and its

case was relatively light. Therefore, a method of estimating realistic ASM

weights was developed for A/G and Permea ASMs of any diameter or length to aid

in making more meaningful comparisons and to demonstrate future weight

potentials. Due to the external fiber pressurization in the DOW ASM and the

fundamental differences in the Clifton ASM, these two units were handled

differently.

The DOW ASM (Reference 1) was a 9 inch OD by 46 inch long unit and therefore of

a reasonably large airplane size. Except for the case, the weight of the DOW

ASM would not be expected to change significantly during airplane design

refinements. For the purposes of this weight comparison, an airplane weight

case was estimated for the DOW unit and resulted in a total estimated weight of

195 Lbs for the system tested in Reference 1. The estimated DOW weights for

this analysis were scaled directly from this 195 Lb estimate.

The Clifton ASM (Reference 1) presented special problems when estimating

realistic airplane weights. The Clifton unit tested in Reference 1 was much

heavier than an airplane unit would be and therefore its weight could not be

used for direct scale-up. Actual weight estimates and performance figures for

the latest Clifton MS unit being built for the C-17 were obtained from the Air

Force Aeronautical Systems Division C-17 System Program Office. These estimates

were used to revise downward the weight of the Clifton unit tested in Reference

1 from over 400 Lbs to an estimated airplane weight of 275 Lbs. The estimated

Clifton weights for this analysis were then scaled directly from the 275 Lb

estimate while still utilizing Reference 1 performance data.

71



The estimated weights of the A/G and Permea ASMs were calculated by estimating

the individual weights of the three major components: fiber, tube sheet and

case. The weight estimation procedure was as follows:

ASM Wt = Wtfiber + Wttube sheet + Wtcase

where: Wtfiber = weight of the active fiber

Wttube sheet = weight of both tube sheets

Wtcase = weight of outer case including end fittings

The weight of the active fibers was directly and accurately scaled as follows:

Wtfiber = Tested Wtfiber X Wr

where: W Desired NEA Flow
r Tested NEA Flow

The tube sheet weight as a function of diameter has been estimated based on

information from Permea and A/G Technology and is approximated by the following

empirical relationship:

Wttube sheet 0.053 D2 . 5

where: D = Tube sheet or ASH diameter (In)

Wt = Weight of both ends (Lbs)

The 2.5 power accounts for tube sheet area and also thickness growth with

diameter. The tube sheet diameter is determined by the required fiber volume

and length limitations. For the purposes of this comparison an airplane

compartment was assumed to limit the ASH overall length to 36 inches. Three

inches were allowed at each end of the ASK tube sheet and end fittings, leawing

an active fiber length of 30 inches.

The volume of active fiber was computed similar to the fiber weight as follows: j
VOlfiber = Tested Volfiber x Wr
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The required fiber bundle diameter was then calculated as follows:

0 - 2 Lctive

The weight of the ASM case was calculated at several diameters based on aluminum

designed for 100 PSI operating pressure (safety factor = 1.5). The weight

includes end fittings but no allowance was made for filters, hold down brackets,

etc. The total projected case weight from these calculations as a function of

diameter was approximated by the following empirical relationship:

Wtcase = 0.24 D1 . 5 5 + 0.158 D (for Lactive = 30 inch)

where: D = Diameter (In)

Using the described weight estimation procedures, a weight comparison for the

A/G, Clifton, DOW and Permea ASMs was performed (Figure 33). A breakdown of the

weight estimates is given in Table 16. The ASM weights were chosen to be shown

as a function of inlet pressure since pressure significantly affects ASM size.

Note that the A/G unit offers the greatest potential weight savings. When

examining the data presented in Figure 33, note that a logarithmic scale was

used due to the wide range of estimated weights for the four ASMs.

The largest diameter fiber bundle considered practical, by membrane

manufacturers in general, is roughly 8 inches. If the required diameter

exceeded this, multiple ASMs would probably be required. This factor was not

addressed in this weight comparison and ASMs up to 16 inch diameter were

assumed. For comparison purposes, the weight differences between one 16 inch

unit and 4 each 8 inch units did not significantly alter the results. The

weight penalty incurred by bundling smaller diameter ASMs is shown in Figure 34.

Notice that bundling is advantageous for ASM diamelte:s larger than 4 inches.

However, this analysis does not consider the .ieight of nmanifolds which mears the

actual penalties will be somewhat larger.
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Figure 33. Comparison of Estimated ASM Weights

Table 16. ASM Weight Comparison Summary

Tested Estimated airplane weight
Inlet NEA " Total

ASM pres. flow W Req'd Req'd Req'd TubTtsht Casewt a
(PSIG fiberwt fibervol bundle ASM wt
(PS) (ppm) (Ibs) (in)) dia (in) wt (Ibs) (Ios) (Ibs)

20 0083 12.1 160 2431 102 17.4 10.3 43.7
30 0161 62 82 1245 73 75 63 22,1
40 0232 4.3 57 865 6.1 48 49 15.3

G 55 0.336 3.0 33 598 5.0 30 3.7 10.7
70 0441 2.3 30 456 44 2.2 3.1 8.2
90 0582 1.7 2 3 346 38 1.5 2.5 6.3

20 0011 94 1 37 7 6589 16.7 606 215 119.8
30 0019 514 205 3595 12.4 284 138 62.7
40 0029 34 5 13.8 2414 101 17.3 103 413

Permea 55 0044 226 91 1584 821 102 76 26.8
70 0060 166 66 1163 7.0 6.9 60 196
90 0082 1281 48 849 6.0 47 48 143

30 0 199 5 02 978 4
40 0 506 1 so 385 4

DOW 55 0966 1 03 Not estimated 2c1 9
70 1 426 0 70 136 7
90 2.040 049 956

20 2827 035 97 3
Clifton 30 3957 025 69 5

,40 5 087 0 20 Not applicable 54 1
60 7347 014 374

"Conditions: I :ppm NEA- 36" overall ASM length. 27,000 ft. altitude. AJG@•'100°F. Perrmea 200-F, DOW
@ 757F, Clifioir @ 40"F

Wr - desired NEA flow
e-Sted N L A fo7
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Before these weight estimates can be realized, actual manufacturing capability

must permit larger diameter ASMs than those tested in addition to lighter weight

cases. The weight of futuce ASMs produced by specific manufacturers may differ

from estimates presented here. It is interesting to note however that a direct

scale up of the A/G unit tested in this program yields weights that are still

less than the estimated airplane weights for Permea.

1.4 -

S1.3

22
S41.2

0.2'

t2. 1.1

/7

o1
1- 4"

E m o.9 ---ea t .

DIAMETER OF" SMALLER ASL,=

.- ._ _

NUMBER• OF SMALLER DIAMETER ASMs.

Figure'34. Weight Pene/fty Incurred Using Multiple Smaller Diameter ASM:

g]xamlnation ot Table 16 reveals that the A/C unit enjeiys the distiw.,.t an-d

fundamental advantage of requiring less than half the weight and volume of.

fibers compared to Permea. Given equal tiber bundle :,ackaging technology, thi:

A/G unit should havL an inheient ASH deight and volume advantage.'
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As stated earlier, this entire weight analysis is based' on the A/G and Permea

ASMs operating at 1OO1F and 200OF, respectively. Higher temperature operation

will alter the results of this analysis and this subject is specifically

addressed in Section 5.5.

5.4 Total Airplane Weight Penalties

The weight ot the ASH alone does not constitute the entire penalty for an OBIGGS

application. The bleed air extracted, the weight of plumbing and the weight of

equipment needed to cool the bleed air must also be considered.

The bleed air flow and associated cooling load required for the size ASH used in

the previous weight analysis (1 PPM NHE1 5 at 27,000 Ft) have been calculated and

are presented in Figure 35. Since the DOV membrane unit is no longer being

seriously considered for OBIGGS, it has been dropped from further analysis.

Note that the Permea ASH, with its higher recovery and higher operating

temperature, requires the least bleed flow and associated cooling. The Clifton

,lecular .... • '.re-tsres the highest bleed flow and cooling due to a lov

operating temperature and poor recovery. The A/G unit is positioned between

these two. Hotice that unlike ASH weight, bleed flow and cooling load are not

significantly affected by opezating pressure. The cooling loads are based on a

nominal. bleed air temperature of 1000OF at the engine prior to entering the
pre--coole~ro

Before the bleed flows and cooling loads can be evaluated in terms of airplane

weight penalties, the equipmetit weights required to produce ih6" inust be

eastimated. In order to estimate heat exchanger weights, etc., bleed air

delivery and cooling systems of several different sizes were designed and

enmpirical models developed to approximate their weights. A description of these

bleed air systems are included in Arnendix H. Two different types of airplanes

were used for this analysis, an ATF-like airplane (sustained supersonic Lighter)

and a subsonic transport. It was felt that this approach would "bracket" thE

problem; the supersonic fighter representing the highest bleed cooling penalties

und the transport representing the lowest. This assumption was based on thA

inherent difficulties encountered rejecting heat in a supersonic airplane with

high stagnation air temperatures.
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BLEED FLOW REQ'O TO PRODUCE I PPM NETA5 AT 27.000 Fr

- - - --- -CLIFTON (40-F)

5-

4-

(I 008F)

3 -

2.5 PERMEA1
2- (200-F)

91% An an 1oIn

OPERATING PRESSURE (PsIO)

BLEED COQUNG L0'1J TO PRODUCE 1 PPM NF-45 AT 27.000 FT

------ CLIFT~ON (406F)

70

A/G

(200-F)

20 40 80 80 100u

OPERATING PrESSURE (PS10)

Foirfe 35. Conawlson of Bitd Flow and Cooling Ptnalftes
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Using the empirical blied system weight models (Appendix H), the bleed system

weight penaltiez- for the vario-us ASI's were calculated and are presented in

..-Figure 36 and Table 17. As would be expected, the Permea unit, with its high

recovery and high operating temperatuie realizes the lowest bleed system weight

penai ties.

Table 7. Combined ASM and Bleed System Weight Penal •ltie

(All Nveights in Ibs)

"(s-i- g,"w (o.) GitinatIcATFp

(Met Mret Est'd ASM r" Pri XHX ECS I Ttal ASM
(psig) wt growth r ec growth duct

. 20 437 2 7 21 6.2 8.2 7.. 246 70
, ,O 40 15 3 22 1 7 54 70 62 225 37.8

SO99 63 2.1 1.6 5.3 6.7 5.9 21.6 27.9

"1 2 "9. . 1.4 /AA N, 5.6 9.e 3.B8
4 14 I 11 NA /~A .4... , P•n'a 40, 41.3 1.7 1.2 N/A N/A 49 7.7 49.1

2t 97.3 3.2 2.4 10.5 14.1 8.5 38.0 136.0
,, CfOrI 30 C,1.5 3 2.4 103 13.9 04 38.2 107.7

0 7.4j 3.1 24 13j13.9 8.3 36.0 75.4

(b.) "ranspoi-t

pASM wt Pr-ooler T eId h +" ASNIi RAWet pHX' Es' tsupp'y ductI bleed /---
growth M penalty p.-r,.lty

_____ 40 15. 07 61.0 7.2 13.8 r 21;.2
20 1198 0O } 4-8 68 1 132.0Permea *-041.3 0.s 4.0 6 2 '11.7 52.1 °-

914- 04 37 6.0 t0.1 24.4
20 91.3 1 0 9-2 87 1g9 - 116.2" "

Clifto~n 30 695 (19 91 86 185. 88.1
1 37.4 09 1 9 8 . as 5 6.0

• • Cor)*.O ons: I f ppniNEA W O(" 'e, all AýM lert3th, 27,000 ft. al*ltaude, 1000*F bleed air, AýG 19? I00P Perni= *, 200*F,

. .. -

.... 41 :406 ,75.

. . (/ , •



15 LEED 5YS1EM WE10Ir REWQD TO ?MD0UCE 1 PPM tIEA AT 27.000 Fr

GENERIC ATF
TRANSPORT

40

......... A/G
.... ... .... .. ....... X....**....**. ::....* * , (O V

(200F

10006F ENGINE BLEED~ Ain ________

.20 40 so so 100

OPERAT~NG PRESSURE (PSIC)

)Note that with the Permea ASH, the ATF-like airplane bleed weight penalty is

-octually lower than that of the transport. This result runs counter to the

initial assumption that it would be inherently more difficult to reject heat in

an ATF-like airplane. Closer examination of data in Table 17 arnd Appendix H

reveals that the use of a fuel/air heat exchanger without the need for a

becondfy hei exchi-Lge wih its "LCS peIIOy 'An~ LIZ~ X& A 4,AI M LL

significantly lighter than the ram air heat euchanger in the transport, even at

high altitude with relatively cold ram air (-C'0*F). Since the Permea ASMi

operates at 200*F, the 4.501F~ bleed air can be cooled solely with fuel (r'jughl.

140OF mrpxinium fuel temperature) lihile the A/G unit requires a secL~ndary !!eat

* exchanger to. further reduce bleed temperature to 10001".

*Combining ASH weights (Figure 33) and bleed systemi weights (Figure 36.> the

total airplane weight penalty for the three AS~s is presented in Figure 37 a'ild

Table 17. Note that in certain pressure ranges the Permfva Lý,Sh at 20O.Y'F appears;

to represenat the lowest overall penalty even though the ASH i'tself Is ý,i~vier

tharn the A/G ASH at 100*F. )
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TOTAL ASM + BLEED SYSTEM WEIGHT REOD TO PRODUCE I PPM NEAS AT 27,000 FT160 :1

150 - GENERIC ATF
140 - TRANSPOR1

130

120
1 10•',"" " r,- -

4A
100

- 90

2 800

60

50 ( F

20

10 OOO'0F ENGINE BLEED AIR

20 E40 60 400

Rfigre 37. Comparkoo of Total Airplane Weight PNrsdn -

t his entire weight analysis (ASH anid bleed system weight) wras performed at the

ppecific conditions of 1 PPM NEA flow at 5 X~ecentz 02* Whle the nagnittude of

tewe-ight penalties will chang:, with desired NEA oxygen conicentration, the

telat ive raniking for total airplanle weight was not found tc- be Significantly

eniieto NEA conc entra t ion. In additLiso, the relative ranking wa-s a'so iiut
&IRn';itive to NEA flow even though the ASH and bleed system component weights do

tscale linaeay1y vith (low.

Vtloe that, depeand-Aag ont the type ot OIJIGOS and the specific airplanie

"4ýappi ica Zion, othier weight. penalties cen be evsociated ixiith an QEIGCS, i.e. the

S.1EA distribution system plunmbiiig, fuel tank pressure regulators and fuel s~ruh

"'A tXozztks vcwld be rdeitional componc-ntL. o[ a demand 0131005. Ftx thrermore, the

'°

M1
4 igh ptzes-'sure cornptessor ar~d storage bottlet-: would be major weight contributois

'39 the total weight of the stored gas IIGS The t'tUl weighit penalties are
istem weight-- are di.cussed ine

.O VI F) . .... -

.4 " 4 "4.1:oI'r000adF ENGINEi,..BLEv*c'A I f-:



ihis weight analysis assumes that the size of bleed system components will be

adjusted for varying ASH flow and delivery temperature requirements during the
design process. If this is not the case, these bleed weight penalties will not

be realized. For example, if an engine precooler is initially designed to

accommodate growth in bleed air usage and therefore is not resized when OBIGGS

is added to an airplane design, the weight penalty allotted to precooler growth

in the analysis can not be "charged" to OBIGGS. This applies to other

components as well.

5.5 Benefits of Higher ASH Operating Temperatures

The benefits of increasing ASH operating temperatures beyond those chosen for

analysis in Sections 5.3 and 5.4 are of Interest for future applications. The

high temperature destructive test performed with the Permea ASM suggested that

operation at temperatures as high as 250 0 F may be possible fol the Permea ASH

(although not yet proven for long durations). Increasing Permea's operating

temperature from 200 0 F to 250 0 F raised productivity by more than 40 percent.

~~Tht---- th pe ~p turc l4-4#t -f the AM! sinit m~a nnt avilmrad. it moy :a11zn

be capable of operating at higher temperatures.

The analysis presented in Sections 5.3 and 5.4 was redone for A/G and Permea at

140OF and 250 0 F, respectively (Figure 38). These temperatures were the highest

Successfully tested for each unit, although the ASMs were held at these elevated

temperatures for only short durations (8 hours or less), While the Permea ASM

weight is reduced significantly by increasing its operating temperature by
50*F, the overall airplane weight penalty (ASH + bleed penalty) and the

relative ranking between A/G and Permea are not significantly affected.

In order to better understand the effect of operating temperature, these

analytical procedures were used to assess weight penalties as a function of

temperature. The conditions and procedures utilized irt Sections 5.3 and 5.4

were again used to examine the temperature effects on weight penalties except

that operating pressure was fixed at a nominal 50 PSIG while temperature vas

varied over a relatively wide range (Figure 39 and Table 18). The A/G

performance above 140OF is extrapolated and Permea performance above 200'F is

- ......................-- r
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based on limited data obtained during the high temperature destructive test

(Section 4.8). There is no assurance that either unit will operate successfully

at these elevated temperatures. Note that in most cases, the bleed penalty

actually increases with ASH operating temperature due to the overriding

associated increase ini bleed flow.

Table 18. Benefits of Higher ASM Operating Temperatures

(All weights in Ibs)

(a.) Generic ATF

ASM Est'd BWeed Cooling Pre- Pri lS y Total ASM +ASM temp AWM flow load cooler growH Sec Hx ECS Supply bloed wt bleed
(OF) Wt (PPM) (kbtulhr) growth growth growth duct penalty penalty

80 12 5 3 3 44 2.0 1.5 6.0 7.5 5.6 22.6 35.2
100 119 3.6 47 2 2 1.6 5.4 6.8 6.1 22.1 34.0

AJG 140 10.7 4.6 57 28 21 36 47 7.5 20.6 31.3
160 102 55 66 3 3 2.5 1.9 2.6 8.7 190 29.2
110 100 6.1 73 3.6 2.7 0.0 0.0 9.5 15.9 25.8

17b 36 5 2S5 30 1.5 1.1 NA NA 4.5 7.2 43.6200 304 7 31 1.6 1.1 NA NA 47 7.5 37.90 6r-,ea 22S 25 6 £ 9 32 1.7 11 NA NA 5.0 7.9 33.6
INA NA 5 0 3933a t jf : NA NAI 6. 0 3 28.0L 1~ _b -1~ __L N__I ___

(b) Transport

Pr-ooe I Ip Total ASM +
ASM ASM temvp Lst'c, A WM 8leed fiw • •o•jli RAM HX Supply bleed wt bleed-w (PPM) -- tur) growth - duct penalty penalty

80 125 33 44 06 54 68 129 254
100 119 36 41 06 58 7.1 13.6 25 5

AIG t40 10' 4! 57 08 7.1 81 160 26 7
160 10' 5 66 10 b 3 88 181 28.3170 1U , 6 1 73 1 11 9.1 9.3 19.5 29,5
_7S 3- 65 _25 30 04 37 60 10O 466
2W 304 27 3' OS 3.9 62 105 409

Permea 225 25.6 29 31 05 41 64 109 36.6

250 2,8 32 34 06 4.3 6.7 115 333
275 187 35 37 06 4.7 7.1 124 31.0

Conditions I PPM NEA 5, 50 PSiQ Inlet Pressure, 36- Overall ASM Length, 27,000 Ft Altitude, 1000°F Bleed Air.
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Note in Table 18 that even though the ASM operating temperature is increasing

(bleed air delta, T decrea.ses), the actutal cooling load in,-reases •e to the

overriding increase in bleed flow. Note also that thc cooling load does riLL

always directly effect bleed weight penalties; for the ATF-likE airplane

comparison, the bleed penalty for A/G actually goes down while cooling load

increases due to the gradual elimination of the secondary heat exchanger and tcS
growth penalties. The need to cool bleed air below 1701F entailed the mo!;t

significant weight penalties on the ATF-like airplane. All other comparisons

show bleed weight penalties increasing with temperature. The overall weight

penalty for the Permea unit decreases with temperature due to the overriding

drop in ASM weight. However, the overall penalty for A/G decreases for the ATF-

like airplane and increases for the transport.

ASM + BLEED SYSTEM WEIGHT REOID TO PRODUCE 1 PPM NEAS AT 27K FT
60 

.-
GENE-RIC,

EXT TTRANSPORT

40 1

ASNIOPERTINGTEMPRATUE EF

30

IN20

EXTRAPOLATED
DATA

10

(10 100 140 180 220 260

ASM OPERATING TE.MPERATURE (F)

F igure 39. Bene fits o f Higher A SM Opera ting Tempera turesq
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5.6 A/G Performance Sensitivity To Inlet Moisture

As discussed in Section 4.3, the A/G ASM exhibited some st -itivity to inlet

moisture. This sensitivity was in the form of a few percent drop (5 percent for

the specific conditions tested) in productivity under the highest inlet moisture

conditions (180 grains which is equivalent to 120OF dew point). While a 5

percent drop in productivity is not a major problem, all possible factors

affecting ASK performance should be considered. A plausible explanation for

this performance drop can be developed based on an analysis of the partial

pressure of air during these high moisture conditions. If one considers gas

transport across the membrane fiber wall to be strictly a function of the

differences in partial pressures of the individual gases on each side of the

membrane, the performance change can be explained.

Table 19. A/G Moisture Sensitivity Analysis

Total prpssuie$ Product Inlet moisture Partial pressure of air

Inlubt Waste flow Dew point PH Ine Wat Comments
(psa) (psia) (ppn) () (psd) (psia) (psia)

44.70 14.63 0.211 -295 0.00 4470 14.63 Dry

44.42~ 1456102001121 1 174 42.68 13.841 saturated nlei.
I It I prsue

Product flow corrected to original

Note: Partial pressure of air refers to partial pressure of all gases except water vapor

Consider the two data points from the moisture tests presented in Table 19. The

first point represents initial dry conditions while the second point represents

saturated inlet air. Note that the product flow has dropped by 0.011 PPH from

dry to saturated condition-. However, this can be explained by the fact that

the AS,ý was actually operating at different inlet and waste pressures when

considering only the partial pressures of air (obviously during dry conditions

the partial pressure of air equals the total pressure). Using the performance

model from Section 5.1, product flow was corrected back to the initial dry

operating pressures as shown in Table 19 and explains most of the performance

change.

This technique can be used by a designer to predict performance at any operating

condition. It would follow that the largest impact on performance will be
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~ N~~A MV~f MAMAL~A KAP..A MA.A~A~LJ ~AkA UA MAAA. NRIA A.ALXAn LA~A5AUAAAAiA



observed when the partial pressute of water vapor is the largest fraction of

total inlet pressure.

5.7 A/G Water Separation Analysis

As is the case with general. performance, the amount of moisture in the NEA was

found to be a function of several variables. Realizing that the moisture

content of the NEA may be of interest to an OBIGGS designer, who for example

must concern himself with condensate in the high pressure compressor and storage

bottles of a stored gas OBIGGS, a rough model of moisture separating performance

was developed.

The derivation of this model is based on data presented in Section 4.3. First,

the ratio of water vapor partial pressures in the NEA relative to the inlet is

defined as the separation factor for water:

t water, NEASEPwater ý

Pwater, inlet

where: Pwater ý partial pressure of water vapor

As shown in Figure 40, it was found experimentally that SEPwater is independent

of Pwater, inlet over the ranges tested or expected to be encountered in flight.

Examination of the experimental data in Section 4.3 indicates that the NEA is

very dry for most anticipated operating conditions and all but a few percent of

the . nlet wator vapor n2cc,• thrnnah the nePmhranP uafl nf thp fihprc intn thp

waste flow. This fact allows the following approximation:

Pwater, waste = Pwater, inlet

(l-Rec/l00)Pr

where: Rec = Recovery

Pr = Pressure ratio across fiber wall (Inlet Absolute/

Waste Absolute)
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- • o•CONDoMONS; 30 PM1G, 120 F. SL., 9 X 02
N 0.17

0.09
- 0.08

0.07

0.06

0.04

C10.05

0.02

0.01

DATA FROM TABLE 11

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7

INLET PARTIAL PRESSURE OF WATER. PH 20 (PSI)

Figure 40. AIG Water Separation Versus Inlet Water Content

Since the transport of water vapor (or any gas) across the membrane wall is

proportional to the difference in partial pressures, it can be reasoned that

Pwater, NEA is limited by and therefore some tunction of Pwater, waste, This in

turn suggests:

SEPwater = f(1i(l-Rec/100)Pr)

This would imply that the separation factor is only a function of recovery and

pressure ratio, regardless of inlet dew point, inlet pressure, altitude, oxygen

concentration and temperature. Figure 41 show,; all moisture separation data

(from Section 4.3) plotted versus this recovery/pressuie ratio term using both a

linear and logarithmic scale. Considering the measutement problems, it is

interesting to note that the data lie nearly in a straight line when plotted as

the log of the separation factor versus the reciprocal of the recovery/pressuie
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ratio term. This yields the following approximation for water separation

performance:

SEPwater = Exp1 0 [5(1/(l-Rec/100)Pr) -3.485]

The above relationship should be valid for any size A/G ASH.

5.8 Fiber Axial Pressure Drop

The ASM fiber axial pressure drop (bleed air inlet -- NEA outlet) data are

Included as separate columns in the Appendix D and E performance data. The

pressure drop has been characterized in Figure 42 for A/G ASH #2 arid the Permea

ASH at their typical operating temperatures. The pressure drop data for A/G ASM

#1 varied by an insignificant amount from that shown for ASM #2. Pressure drop

is nearly linear with NEA volumetric flow (NEA flow/Inlet Absolute Pressure)

since the fl'w is actually laminar through the bore of each fiber (Reynolds

Numbf-r is typically in the 100-200 range). A second term is included to account

for waste flow which is essentially a function of the pressure difference

aclrciss the £Jbe. wal lt -. tat at zcvo NSA flow, m nnrnstra Arnr ,,411

exist due to the waste flow down the bore of the fiber.

In general, the axial press;ure drop is low for either unit, on the order of 3

PSID or less for most conditions of interest, and should not present a prc hlem

for OBIGGS applications. For example, at the specific operating conditions of

NEA5 at 50 PSIG, sea level, 100OF and 200'F (A/G and Permea), the pressure drop

will be roughly i16 and 241 PSID foc the A/G and Permea units respectively (less,

than 4 perceeut of the inlet absolute pressure). It is projected that ASMs tour

to five feet in length may be installed in future airplanes. While these ASMs

will incur higher pressure drops, this should not present significant problems.

The data presented in Figure 42 should be general enough to provide pressure

drop data for any design condition. For example, at high NEA flows (arid high

+ oxygen concentrations) extrapclation of this data should be acceptable. In

order to apply this data to AS~s of varying length, these pressure drop data can

be applied by multiplying delta P by the ratio of ASH fiber lengths (including

the portion embedded in the tube sheet). AS1s of different diameters can be

Ma"

- a tnsaatu La~s fl ~nnn&SfflfMSSft~z&s M tfl i n
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i0

2.5

A 1 z150 X +O 2

"4n 2

X 1.50

IOTAL FIBER LENGTH , 42"
A/G ASM #2 (S/N 2BH5002C1AL)

0.5 I- - . . . . .I--

0 0.004 0.006 0.012 0.016 0.02 0.024

SPRO)DUICT PPM: + PINIE-T(PSIC)

7 PERMEA.200F

C. A.)P 81 X +0=73 ]

4 4
-J

"tOTAL ASM FIBER LENGTH - 25"

PERMEJ4A ASM (SiN 202-080)

0 0.0004 0.000B 0.0012 0.0016 0.002 0.0024

wPI'()'C I PP, W )iN.E. bP
X p- + - -

= INUiTiPSIA, 4.08.t 105
Figure 42. Ftber Ax•al Pressure Drop Anulyfis
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predicted using the ratio of the number of fibers (the number of fibers used 'n

these particular ASMs is considered proprietary but may be obtained directly

from the manufacturer). The following explicit expressions can be used to

calculate fiber pressure drop for any size A/G or Permea ASH that utilizes the

same fibers.

APW=150( A Nr + + 0.2 A/G
S150 P+ut 2.0 x104 42 11

, )

P+WASTE 4.08 z1

where. •P = FiberPressureDrop, PSID

WNEA = NEA Flow Rate, PPM

P = ASMInletPremure, PSIG

PWASTE = AS M Waste Premure, PSIA

L 7DER = TotalASM Fiber Length, Inche.

Nr = Ratio of the numberoffibers in these testASMs to the adual number offibers.

5.9 ASM Thermal Time Constants

The amount of time required for an ASH to change temperature will be of concern

to an OBIGGS designer when considering such things as the time required to reach

operating temperature. During the hot/cold start-up tests discussed in Section

4.4, the oxygen concentration data suggest an effective time constant of between

1 and 2 minutes. The actual ASH case temperature must be ignored because it

lags behind the actual temperature of the fibers and will not accurately re[lect

performance. If the actual fiber warm-up is compared to a computed simple first

order response (the actual thermal response appears to be at least second oLde.:)
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reasonable agreement can be obtained if the average inlet flow and weight of the

fibers end one tube sheet are used, as follows:

Thermal Time Constant = Weight (fibers + single tube sheet)

Vinlet (avg)

This modeling of thermal response, although rough, should prove reasonably

accurate.

5.10 Simplified Waste Flow Analysis

Analysis of the performance data in Appendices D and E has shown that ASM waste

flow is essentially a function only of temperature and pressure difference

across the fiber wall. The effects of altitude are negligible and the effects

of NEA flow are only significant at high NEA flow rates. This leads to a

simplified model of waste flow presented in Figure 43 which shows waste flow to

be directly proportional to the pressure difference across the fiber. This

information can be applied to other ASMs using the same fibers by using the

zatio Of a'Ltlve fltbeiU i:La o Volui•e Of active fies to scaIle; the Waste LLoW.

This analysis of waste flow indicates that an ASM operating at full pressure

will use a minimum amount of bleed flow regardless of the NEA flow. For

example, if the ASM in a demand OBIGGS were not producing NEA during a climb,

the waste flow would still remain at the same level as during periods of high

NEA flow unless inlet pressure or number of on-line ASMs were reduced. Using

the information presented in Figure 43, it is a simple matter to accurately

determine waste flow at any inlet pressure and temperature.

Although this same information can be obtained through the models presented in

Section 5.1, this analysis presents a greatly simplified method of estimating

waste flow. A slightly more detailed model of Permea waste flow (used to

estimate recovery at certain performance points) is presented in Appendix F.
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5.11 Permea Performance Discrepancy

The endurance test data presented in Section 4.2.2 for the Permea ASH were

accumulated entirely with the Permea Endurance Test Set-Up. As explained, this

set-up produced a nonuniform temperature environment for the ASW. The

temperature at the inlet was controlled to 200 0 F while heat transfer to ambient

resulted in a nominal NEA outlet temperature of 178 0 F. The rERHEA unit was

moved from the Primary Test Set-Up (constant temperature) to the Zndurance Test

Set-up (non-uniform temperature) at approximately 50 hours and then moved back

to the Primary Test Set-Up at approximately 2050 hours. Comparison of

performance at these operating conditions with data collected using the Primary

Test Set-Up, with its constant temperacure enclosure, is shown in Figure 44.

Note the large discrepancy in initial performance between the two differcnt set-

ups.

CONDTIONS: 90 PSIG0 200 F. S.L., 9 %O2
0.135'

0.13 �0 UNIFORM TEMP ENCLOSURE (200 F)

A NON-UNIFORM TEMP ENDURANCE SEr-uP (200 F IN - 178 F OUF)

0.12-

0 0. °115

_.1
< 0.11

L)

0.105

0.1 *

0.095 I

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
(Thousands)

TOTAL OPERATING HOURS

Figure 44. Permea Performance Discrepancy
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This discrepancy was recognized at the beginning of the endurance test but at

the time was attributed to the nonuniform temperature environment. However, at

the conclusion of the endurance testinb the ASH was retested in the Primary Test

Set-Up and as can be seen in Pigure 44 did not regain a significant amount of

performance, but in fact, a slight (1 percent) additional performance drop was

observed. If the initial performance discrepancy werc due to vionuniform

temperatures, then a similar discrepancy should also have been observed when the

ASM was transterred back tc the Primary Test Set-Up; the ASH should have

regained roughly the same performance delta.

In an attempt to eliminate any doubt about instrumentation, the NEA flow meters

used in the two different set-ups were operated in series and found to indicate

within 3 percent of reading for the ranges encountered during the er~du.ance

test. The performance discrepancy (0.166 PPM vs. 0.131 PPM) represents

approximately an 11 percent drop and therefore can not be explained by

instrumentation uncertainty.

If instrumentation is eliminated as a possible source of the discrepancy and the

data are accepted as valid, then a significant performance shift occurred

between the first measured performance point in the Endurance Set-Up and the

last previously measured point using the Primary Set-Up. This initial decline

was unexpected based on the previous tests using the Primary Set-Up.

Since the Endurance Set-Up was new, the possibility exists that an anomalous

event may have occurred during start-up. Possible events could include over

rr - -,, temperature .. ,hn LiE- ^fLI L oA

Endurance Set-Up. However, the ASH was protected with a 100 PSI inlet relief

valve as well as an inlet temperature controller and an independent 220'F

temperature limiter. These safeguards, coupled with close observation during

initial start-up virtually preclude these possibilities. Nevertheless,

inspection of the data in Figure 44 shows the initial decline to be inconsistent

with the trends during the remainder of the endurance test.

An additional possibility exists that the ASH was contaminated during initial

start-up of the Endurance Set-Up. Even though a filter was installed on the ASH

inlet, the electric heater and inlet pressure gage were positioned between the
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filter and ASM (See Figure 5 schematic), leaving open the possibility that the

heater or pressure gage could have been a source of unfiltered contamination.

Although the heater was new and had appeared to be clean, deposits on the
heating elements could have been vaporized during start-up and transported into

the ASM. The pressure gage (a bourdon tube type) was also new and could have

contained oil from a calibration device such as a dead weight tester. However,

a specific close inspection of the gage was performed prior to installation to

identify this very problem and no evidence of oil was detected.

During the post-test inspection of the ASH, Permea reported finding liquid oil

on the waste side of the ASH (outside of the fibers and on the inside of the
fiberglass shell). Some evidence of oil on the inlet side was also reported but

the majority of oil was found on the waste side. The total quantity of liquid

oil remaining in the separator was estimated by Permea at approximately one

teaspoon and was present on fibers occupying approximately 25 percent of the

fiber bundle cross section. After receiving Permea's report of oil in the ASH,
a close inspection of the waste tubing used in the endurance test also revealed

the presence of oil. However, no evidence of oil could be found on any inlet

tubing or pipe fitting (heater and inlet pressure gage included), leaving the

source of the liquid oil undetermined.

While the source of this oil can not be determined, it appears that the only

satisfactory explanation for the performance discrepancy is the unexplained

introduction of liquid oil into the ASH. The inlet tube sheet seal problem,

reported during the subsequent high temperature tests, may have actually began

during this time and allowed ti" ull to iiiig..ate past the seal 'Anto thv e ... te

side of the ASH. The nature of the seal failure was that of initial leakage

during start-up followed by an abrupt "seating" a few seconds later. It is

possible that the seal problem began earlier than initially thought but not

detected. If the separation process actually occurs across the thin membrane on

the outside of the fiber, then the presence of oil at this point could

significantly interfere with that separation process. Permea indicated that

there was no evidence of oil on the interior or bore side of the fibers.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The primary goal for this program of demonstrating at least a factor of ten

improvement in ASM weight was met or exceeded. Continued membrane technology

development will make permeable membrane ASMs superior in every respect to older

technology ASMs.

Compared to previous laboratory experiences with earlier prototype ASMs

(molecular sieve from Clifton Precision and permeable membrane from DOW

"Chomical), the performance and reliability of the A/G and Permea advanced ASMs

were markedly superior.

The following conclusions were drawn from the A/G Technology ASH tests:

o The performance and packaging of the A/G unit were such that the ASM may

be considered flight worthy without further modifications with the

possible exception of the crack experienced in the tube sheet seal.

"o The A/G unit exhibited fast warm up in simulaled arctic conditions and

quick response for short high speed descents.

" While operating on high dew point inlet air, the A/G unit produced

relatively dry NEA containing only a few percent of the moisture in the

inlet air.

" Although a slight drop in performance was observed with the A/C unit

during high i.nlet moisture~ conditions, returning to dry inlet conditions

restored lost performance.

c, No problems were encountered with the A/G unit during vibration tests

and results suggested that membrane units in general should present no

vibratior problems.
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O The A/G unit exhibited no sensitivity to on/off cycling when quick

opening valves were positioned and operated immediately upstream.

o No problems were encountered with the A/G unit from thermal shock during

the hot/cold start-up tests, even with a -60*F arctic start.

o No problems were encountered with the A/G unit during short term

exposure at 1401F.

o The A/G unit was fairly sensitive to oil vapor present in the test air

supply, loosing productivity at the rate of 10 percent per 1000 hours.

When this vapor was removed with carbon filters, the rate of degradation

was reduced to 2 percent per 1000 hours.

The following conclusions were drawn from the Permea ASH tests:

"o The relatively high operating temperature and high efficiency of the

.- Permea ASH reduced its bleed air cooling penalty.

"o The high operating temperature of the Permea unit may preclude the need

for a liquid water extractor or coalescer filter.

"o The Permea unit was operated for over 2000 hours at 2000 F and for a

short time at 250*F. The unit suffered a 14 percent loss in

productivity during the 2000 hour endurance test and 25 percent overall.

The majority of the performance loss occurred in the first few hundred

hours, after which the rate of degradation was reduced to 3 percent per

1000 hours. However, liquid oil may have been introduced into the ASH

and therefore could possibly be responsible for part or all of the

observed d-gradation.

o Removal of the inlet carbon filter during the second half of endurance

testing did not increase the rate of degradation, suggesting that the

Permea unit was insensitive to oil vapor in the test air supply.

However, if liquid oil was actually introduced into the ASH, any

sensitivity to oil vapor may have been masked.
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o Operation of the Permea unit at 2500 F improved productivity by

approximately 40 percent reducing efficiency by only 3 percent compared

to operation at 2000 F.

When making comparisons between the A/G and Permea ASHs, two factors should be

kept in mind. First, the A/G ASH was of a much larger scale, having about a

times the NEA flow capacity of the Permea ASH and utilized relatively light

packaging. Therefore any scale-up analysis is a much smaller jump for the A/G

unit than for the Permea. Secondly, the intent of this program is not only to

evaluate specific ASMs from A/G Technology and Permea, but to also extrapolate

the potential of this technology into the future. In that regard, even though

the Permea unit was relatively small and heavy, analysis indicates that it may

be competitive with the A/G unit, on a total airplane penalty basis, under

certain conditions.

While the A/C ASH is projected to be lighter than the Permea ASH, Permea's use

of bleed air at a lower flow rate and higher temperature will result in lower

bleed system weight penalties. As a result, Permea's combined ASH plus bleed

system weight penalties may be comparable to and in certain cases less than

those of the A/C unit. However, while the ASH weight estimates are of

reasonably high confidence, predicted bleed system weight penalties have a lower

confidence factor.

Bleed air penalties for any ASH will be reduced significantly when ASH operating

temperatures are high enough (roughly 1601F or above for ATF like fighter) to

allow bleed air cooling with fuel.

While the advanced ASMs offer definite weight reductions compared to molecular

sieve technology, the volume of these systems will be roughly the same due to

the molecular sieve's relatively high bulk density. Therefore, advanced ASH

technology is not expected to yield significantly smaller packages.

Operating pressure is one of the most significant factors affecting the size and

weight of an ASH. Every effort should be made to operate the ASH at the highest

available pressure. Nevertheless, while the advanced membranes offer their

greatest weight savings at relatively high bleed pressures (50 to 100 PSIG), the

savings will still be significant at pressures as low as 20 PSIG.
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The bleeo air contamination encountered during actual airplane operation may be

greater or less than that of the test air supply, sufficient data are not

available to reach a conclusion.

6.2 Recommendations

Future membrane technology improvements should target reductions in overall

airplane weight penalties and not focus exclusively on only one aspect, such as

ASH weight. The A/G Technology unit can most effectively achieve further

reductions in overall penalties by increasing operating temperatures and

membrane efficiencies. The Permea unit, on the other hand, will best reduce

these overall penalties by reducing ASH weight.

Membrane suppliers should pursue manufacturing capabilities that will allow the

production of light weight ASMs of varying diameters in order to match different

flowrate applications without bundling several smaller ASMs together.

Both A/G and Permea units experienced problems with tube sheet seals. The crack
experienced in the bond between tube sheet and outer case of A/N ASH #2 suggests

that their design may be sensitive to stresses in this area and could benefit

from the use of a flexible seal. Furthermore, the importance of a flexible seal

may increase vith diameter. The Permea unit, which already utilizes a flexible

seal, would require seals compatible with higher temperatures if that operating

regime is explored.

The use of inlet air carbon filters should be seriously considered until bleed

air quality can be assured. The need ioi goud Ifl t p&rti culati filters is an

absolute necessity. Further, the military airplane community should begin

formal investigations into bleed air quality over the life of airplane engines

"in-the-field" and not just for new engint qualification.

The operation of both A/G Technology and Permea ASMs should be explored at

higher temperatures with the goal of reducing overall airplane penalties.

Analysis suggests that higher temperature operation of the A/G ASMs may not be

worthwhile it recovery continues to fall off at higher temperatures. Therefore,

A/C Technology should explore recovery improvements along with higher
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temperatures. A definite payoff is indicated for Permea if operation at
temperatures abo.e 200OF is feasible. Further long term tests of nny ASM

operating at elevated temperatures must be conducted before the feasibility

of such operation can be assumed.

The next step in membrane based ASH development should be complete

transition of this technology to DoD airplanes. This may be best

accomplished by building a flight worthy and fully qualified membrane based

ASH for a specific airplane application. Proof testing should proceed with

a realistic ground simulation followed by actual flight testing.

Degradation of ASHs for stored gas versus demand OBIGGS should be compared.

In a stored gas system the ASMs would be continually subjected to any bleed

air contamination and the ASH diameters may be smaller. In a demand

system, the ASMs could be "ganged" such that some of the modules would be

subjected to bleed air contamination for only brief time periods.
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ACRONTMS A&D ABBRIMIATIONS

ACFM Actual Cubic Feet per Minute

ASH Air Separation Module

ATF Advanced Tactical Fighter

CRT Cathode Ray Tube

DoD Department of Defense

DOE Department of Energy

ECS Environmental Control System

HX Heat Exchanger

ID Inside Diameter

IGG Inert Gas Generator

In

Lbs Pounds

LN2  Liquid Nitrogen

Min Minute

MS Molecular Sieve

MSIGG Molecular Sieve Inert Gas Generator

NEA Nitrogen Enriched Air

NEA5  Nitrogen Enriched Air at 5 percent 02

NEA9 Nitrogen Enriched Air at 9 percent 02

OBIGGS On-Board Inert Gas Generator System

OBOGGS On-Board Oxygen Gas Generator System

OD Outside Diameter

OEA Oxygen Enriched Air

PH Permeable Membrane

PPM Pounds Per Minute or Parts Per Million

PP*GG Permeable Membrane Inert Gas Generator

PSA Pressure Swing Adsorption

PSIG Pounds Per Square " Gage

PSIA Pounds Per Square " Absolute
1
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ACRONYMS AND ABBREVIATIONS

ASM - Air Separation Module

ATF - Advanced Tactical Fighter

BMAC - Boeing Military Aircraft Company

F - Degrees Fahrenheit

LPM - Liters Per Minute

NEA - Nitrogen Enriched Air

PPM - Pounds Per Minute

PSI - Pounds Per Square Inch

SCFM - Standard Cubic Feet Per Minute

OBIGGS - On-Board Inert Gas Generation System
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1.0 INTRODUCTION

1.1 Background

On-Board Inert Gas Generation System (OBIGGS) technology is under consideration
by the US Air Force for aircraft fuel tank fire protection. Given the demands
placed on modern military aircraft, it is essential that the OBIGGS add minimum
weight and occupy minimum space, while providing efficient and reliable nitrogen
production.

Under Contract to the USAF, Boeing Military Aircraft Company (BMAC), issued an
RFQ for procurement and testing of advanced Air Separation Modules (ASM's) for
inerting applications offering at least a 10-fold reduction In weight and volume over
current technology. Based on a prior, independent, assessment by BMAC, the most
promising technology for achieving these goals and realizing a workable OBIGGS is
based on the advanced permeable membranes of A/G Technology Corporation (1).

Current OBIGGS technology centers on two alternative approaches: Permeable
Membranes and Molecular Sieves for separation of air into a nitrogen enriched
blanketing stream and an oxygen enriched vent stream. Permeable membranes have
the inherent advantage of Improved reliability over molecular sieve units since they
do not require rapid cycing automatic valves for regeneration. Furthermore,

envisioned for OBIGGS than molecular sieve units, resulting In lower feed air
requirements.

Permeable membranes developed by A/G Technology Corporation demonstrated the
potential for order-of-magnitude reductions in weight and volume versus both
permeable membrane and molecular sieve current technology on the basis of actual
separating material employed for equal flow and concentration conditions (1).
Additionally, since the A/G Technology advanced permeable membranes are
internally pressurized, the need for a pressure vessel is eliminated. The resultant
tube sheet encasing weight is also an-order-of-magnitude lower than conventional
technology-

Because of the projected weight and volume reduction, the A/G Technology
advanced permeable membranes offer the potential of a direct flow OBIGGS, versus
the presently envisioned stored gas systems for some aircraft. The advent of a
direct flow OBIGGS will eliminate the heavy storage tanks, complex compressor and
bulky piping associated with the stored gas concept and thus greatly improve
system reliability.

1.2. Objective and Approach

In response to the BMAC RFQ L-1403-OOET-699, A/G Technology Corporation
provided two hollow fiber advanced permeable membrane cartridges for evaluation
testing at the BMAC WPAFB Test Office, as well as, engineering support services

A-4
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-for data analysis and cartridge post test evaluation. These cartridges were sized
to be relatively close to the projected ASM space requirements of an AIF-like
airplane. Each cartridge was to provide a nominal 0.25 pounds per minute (PPM) of
Nitrogen Enriched Air containing 5% oxygen (NEAS) under operating condition of
60 psig, 100 F.

The overall BMAC test program, including pressure cycling, termperature cycling,
vibratitun testing, moisture exposure and life testin~g of the units Is detalled
-elsewhere in this report. The A/G Technology Corporation program COnS1sted of
pre-shipment baseline testing of the units, consultation and engineering support
throughout the test program and post-test evaluation of the one unit returned to~
A/G Technology.

The oxygen/nitrogen separation (E.g., selectivity) and productivity (e.g.,
permeability) characteristics of the advanced hollow fiber permeable membranes
incorporated in the cartridges provided to BMAC were chosen to match the anticipated
NEA5 requirements of an ATF-.llke airplane. A complete mission profile for the ATF-
.like airplane, or 06IGGS requirements for other aircraft may dictate either, higher or
lower nitrogen concentretions. Furt'bermare, the NEA purity requirement of a demand
system may be! ini the REA8 to NEAIO range. In the demand system case, membrane
productivity imiprovemeants may override selectivi ty considerations.

Produ~ctivivty is deftned as the volume of NEA produced per permeable membrane
unit areEL The higher the productivity, the smaller the ASK. Kfficiency Is the
ratio of NEA produced to the feed air fiowratN. The higher the efficiency, the
lower the bleed air requiements for the OBIGG&S

It Is Important to note that the advanced permeable rnemrbr'ane technology
developed by AdG Technology can be tiliored within a reasonable range to mneet
preferred performance based on a tradeoff analysis covering:

-Bleed Air Flowrate and Pretiure Requirements
-Blead Air Precooling Requirements
-NEA Concentration
-ASM4 Size O~. NEA Productivity).

Thus, If improved efficiency (reduced bleed air requirement) Is de-sli-able, this~ can
be achieved with some loss In NFEA productivity and slightly Increased ASM nize.
Conversely, higher productivity with reduced efficiency can be achieved. By
providing a more selective/lower permeability membrane, it should be possible, to
operate at higher temnperatures (reduced cooling) wfth the iczms In intrinsic
membrane permeability bahanced by higher productIvIty at the Increased bleed air
temperature.

1.3 Sum~mary

Bath A/G Teecimology units lemonstrated performance equal Lo or better thsn their
projected performance and were operated at pressure and temperature combInations
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higher than the baseline conditions of 60 psig/100 F without problem. The first
- .unit tested was performnance mapped over a wide range of pressure, temperature,

altitude ayid NEA concentrations, then subjected to temperature cycling, pressure
cycling, vibration testing and life testing. The second unit underwent some
performance mapping followed by an extended life test which was still in progress
at the time of this report.

Typ!cal performance improvement on a weight basis by the A/G Technology
advanced permeable membrane units versus the Dow baseline performance was 20-
fold higher. Over the set of conditions tested this improvement ranged from 10 to
25-fold.

The units were uneffected by cold (-60 F) and warm (140 F) starts, on/off pressure
cyciing and vibration testing. The units were successfully operated at temperatures
up to 120 F, 20 degrees higher than anticipated, without any change in baseline
performance. At a temperature in the order of 120 F heat removal systems
become much more simple than the. refrigerative cooling devices required for
-operation below 80 F. Savings in cooling requirements above 120 F are less
dramatic a~nd may not be significant In an advanced permeable membrane OBIGGS
trade-.ff analysis.

The units were also operated at pressures of 90 psig without change in baseline
performance. In fact the first cartridge evaluated was operated at test conditions
of both 70 psig/120 F and 90 psig/100 F without problem.

An vuexpected, non-representative oil vapor contamination in the BMAC Test
Facility air supply resulted in a performance loss of less than 10% on the first unit
during a 500 hour life test. This excessive contamination is not expected in the
normal operation of an OBIGGS, but having occurred, would affect any high
permeability, advanced permeable membrane cartridge in the same fashion. After
this contamination problem was identified, activated carbon prefilters were installed
and the second unit was life tested. The second uni. was sucessfully operated for
_,300 hours with no discernible performance loss (2).

2.0 ADVANCED PERMEABL F MEMBRANEF AMA DCRIPT!ON

The ASM's provided to 8MAC were fabricated to commercial air separation
cartridge design and standards and, as such, were not militarized. Although minor
changes in ASM construction are envisioned to meet the specialized needs of the
military, no major changes were identified from the BMAC WPAFB tests.

A schematic drawing of an A/G Technology advanced permeable ASM is provided In
Figuve A-I. Referring to the figure, a multitude of hollow fiber membranes are
arranged in parallel within a cylindrical enclosure, The enclosure is chemical and
temperature resistant, high strength polysulfone. The hollow fibers are sealed at
both ends within the enclosure with an epoxy potting compound. Polysulfone end
fittings are bonded at each end and on the sides of the enclosure to provide mating
flanges for feed air inlet, NEA outlet and to vent oxygen enriched "waste gas".
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Figure A-1. Simplified Sketch of A/G Technology
Advance Permeable Membrane ASH
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The nominal physical characteristics of the ASM's provided to BMAC are:

Cartridge Diameter: 3 in
Cartridge Length: 43-5/8 in
Cartridge Weight: 4.1 lbs

Tube Sheet Diameter: 2.56 in

The ASM cartridge weight breakdown is nominally:

Fiber protective Casing*: 50%
Membrane Fibers: 33%

Potting Compound: 9%
Feed, Product, Waste Ports: 8%

* NOTE: This enclosure is based on commercial pressure
requirements and Is overdesigned for anticipated OBIGGS
operating conditions. Thus. !ighter-weight enclosures are
possible.

3.0 PRE-SHIPMENT PERFORMANCE TESTING

The two ASM units were baseline performance tested prior to shipment to WPAFB.
Test conditions used for these cartridges were:

t Inlet

Serial Number Condition Pressure Temperature
--------- -- ------------------ --------------- -

6A-G/1300501AL 1 60 psig 78 */- 2 F
2 60 psig 108 */- 2 F
3 90 psig 80 ,/- 2 F

2BH500201AL 1 60 psig 74 +1- 2 F
2 60 psig 110 +1- 2 F
3 90 pslg 74 +/- 2 F

NEA flowrate and NEA efficiency data for each cartridge over this range oi test
conditions are presented In Figures A2 through A9.

4.0 POST WPAFB EVALUATION PERFORMANCE TESTING

One ASM (Serial Number 6A-G/1300501AL) was returned to A/G Technology for a
performance assessment at the conclusion of the WPAFB testing. This cartridge, as
detailed in the BMAC Report, was inadvertently subjected to a non-representative
air feed contaminated by oil vapor. Post-test evaluation Included baseline
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A/G Technology
0 108 20F

300
Inlet Pressure = 60 psig 0.75

Flowrate, A/G T Cartridge GS-SEI-75 Flowrate.

LPM Serial #: 6A-G/1300501AL PPM
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Figure A-2. NEA Flowrate versus Oxygen Concentration
and Temperature at 60 psig Inlet Pressure.
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A/G Technology

3•
Inlet Pressure = 90 psig 0.7/ 0.75

A/G T Cartridge GS-SEI-75
Flowrate, Serial # 6A-G/I3-5-AL Flowrate,
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" 0.5
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2 4 6 8 10 12

Oxygen Concentration, %

Figure A-3. NEA Flowrate versus Oxygen Concentration
at 90 psig Inlet Pressure.
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50 Serial U. .A-6/1300SO1AL
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% 

1108 1 2 OF
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Figure A-4. NEA Efficiency versus Oxygen Concentration
* .and Temperature at 60 psig Inlet Pressure.
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Figure A-5. REA Efficiency versus Oxygen Concentratco
at 90 psig Inlet Pressure.
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300 _lio 110 t2 OF

Inlet Pressure - 60 psig 0.75

Flow1ate A/G T Cartridge 6S-SEI-75 Fl/rate,
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200
0.5

WG echnoiLogy
@ 74 *2 OF
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Figure A-6. KtEA Flowrate versus Oxygen Concentration
and Twerature at 60 psig Inlet Pressure.

A-13



Inlet Pressure = 90 psig

A/S T Cartridge CGS-SEI-75
Serial 2: 2BH5OO201AL

300

0.75
A/G Technology
074 ± 2 F

Flowrate, lFlowrate,
LPH O PPM

200 /0.5

10 0.25i Him

2 4 6 8 10 12

Oxygen Concentration, %

Figure A-7. NEA Flowrate versus Oxygen Concentration
at 90 psig inlet Pressure.

A-14



S.... . . .. I - I

Inlet Pressure m 60 psig

A/G T Cartridge GS-SEI-75
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Figure A-& NHEA Efficiency Versus Oxygen Concentration
and Temperature at 60 psig Inlet Pressure.
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Figure A-9. NEA Efficiency versus (xygen Concentration
at 90 psig Inlet Pressure.
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performance testing and an attempt to recondition the unit to original performance
by soaking in a surfactant solution.

At the start of post-test evaluation, the cartridge gave off an offensive odor which
persisted excessively through more than 12-hours of clean air flushing. The odor
was eventually reduced, but never eliminated.

Baseline performance data of the cartridge as shipped, as received after the
WPAFB tests and after reconditioning are presented in the following table. These
data are at 60 psig inlet pressure:

As Received After After Surfactant
As Shipped WPAFB Testing Cleaning

NEA Flow (LPM) 85.8 70.8 70.8
NEA Concentration (%) 5.0 5.5 5.6
Efficiency M%) 22.4 23.0 23.9
Temperature (F) 78 65 65

As can be observed, the unit underwent a modest performance loss due to the oil
vapor deposition on the high permeability membrane. Altnough the surfactent
solution appeared to remove some contamination, based on a color change in the
solution, the cartridge performance was not materially atfected.

In Independent tests, A/G Technology advanced permeable membrane cartridges
tested for oxygen generation (as opposed to NEA production) have been operated
with an oil compressor (Dayton Speedalre Model 214998, I hp) for over 3,600 hours
without any change in performance (3). In these tests, which were still In progress
as of this date, a 0.2 micron microporous membrane prefilter was the only
pretreatment; a carbon adsorption cartridge for oil vapor removal was not
employed.

Initial baseline data and performance data after 3,624 hours of operation are as
follows:

Time Oxygen Enriched Air Oxygen
(hours) Flowrate (SCFH) Concentration (%)

0 21.8 34.9
3,624 21.7 34.5

The minor differences In performance are well within the experimental error of the
instrumentation used during these tests. This stable performance further supports
the non-representative nature of the BMAC compressor air contamination.
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Available details of the compressor oil in this extended duration test are given in

Figure A-1O.

5.0 MATHEMATICAL MODELING

A mathematical model of advanced permeable membrane performance has been
developed based on preliminary test data from the BMAC Test Office In order to
facilitate advanced permeable membrane OBIGGS performance predictions in a quick
and simple manner. This model reflects the consistent relationships observed
between NEA concentration and NEA efficiency as functions of feed air
compression ratio and temperature. The critica& equations in the model are
provided below. Given that the permeability of Individual gases follows an
Arrhennius Plot with respect to temperature dependence, it was logical to look for
a power series to express the relationship.

Membrane permeation coefficient, Kp, In units of SCFM/pal Is modeled by the
expression.

Kp - 2.63 x 10-3 T-959 [1]_

where,

T = Temperature, F

The NEA efficiency, 7L , as a function of compression ratio and NEA oxygen
concentration is:

9Z - 6.4 ln(Pr - 2.4) + 4.5CR - 1.8 - ((T - 50)/12.5)1.3 121

where,

Pr - Compression ratio
•r. = ATv'armn (nnpnantratinn In MIFA

The Permeate (ie. waste gas) flowrate, Fp (SCFM) is defined as:

Fp Kp x DP [3]

where,

DP - Differential pressure, psig
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And the NEA flowrate, FR (SCFM), is therefore:

Fp
FR - ----- x[41

- Kp x DP [51

This model should be updated to reflect any changes in, or additions to, the
preliminary data provided to A/G Technology.

6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

ThI-r ext•aw Q,,t InocnIAnt t-ttino" n~rfnrm~d hv IAMA(- hnq dpmnnttratt•i tha chilltv

'of the A/G Technology advanced permeable membranes to provide better than a
10-fold weight: advantage over the baseline (Dow) membrane units. The units
exhibited excellent environmental resistance to moisture and temperature and

maintained complete physical integrity throughout pressure cycling, temperature
cycling and vibration testing. Long term performance testing on non-representative,
oil vapor contaminated air resulted in a less than 10% performance loss over a 500
hour period. The level of contamination was excessive and not realistic of an
OBIGGS bleed air supply.

It should be noted that high productivity, advanced permeable membranes are, by
nat.Ure, more sensrltive to feed air t,-ntnminatinn than nri-ervlue uanarstinn

membranes. This is expected to be valid regardless of the membrane base polymer
or the membrane manufacturer. Thus, reasonable precaution should be taken in
feed air prefiltration. Nonetheless in-house testing by A/G Technology has shown
no detrimental effects on membrane performance for advanced permeable membrane
cartridges operated with mineral-based oil lubricated compressors, even without
carbon adsorption pretreatment.

Long term testing of the second unit on clean air for over 1,300 hours, proved the
contaminated air testing to be an anomaly, with no discernable performance change
throughout the clean air life test (2).

The A/G Technology advanced permeable OBIGGS performed well at 120 F feed air
temperatures. This is 20 F higher than originally expected for performance
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mapping. Based on this performance and the exposure of the units to temperatures
as high as 140 F without problem, continuous operation within the range of 120 to
160 F should be possible. This higher temperature operation would reduce bleed air
cooling requirements and further reduce OBIGGS system weight and volume,
depending on the NEA quality required.

6.2 Recommendations

The exceptional performance demonstrated by the A/G Technology advanced
permeable membrane units warrants further testiag and evaluation of these devices
for OBIGGS. It is recommended that:

1. Multiple advanced permeable membrane units be tested in parallel
to achieve an ASM package that matches the inert gas requirements
of an ATF-like airplane. Header design and module arrangements
could then be optimized and very accurate weight and volume
requirements for the entire ASM could be determined.

2. Engineering studies be conducted to determine If any substantial
weight and/or volume reductions would result from increased
permeable membrane cartridge diameters versus the current
3-inch diameter. If significant reductions can be achieved, aprogram should be initiated to develop a larger diameter unit.

3. OBIGGS design reviews consider the tradeoffs between bleed air
temperature/precooling requirements, ASM size, NEA quality
and bleed air flow requirements (ASM efficiency).
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APPENDIX B - Summary of ASM Technology Survey Results

This information Is excerpted from:

Anderson C.L., "Advance On-Board inert Gas Generator System

Technology Assessment," Interim Report, Contract F33615-84-C-

243i, May 1,985.

Note that the information is dated May 1985 and the present

status of membrane developments ate likely to be significantly

changed.
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APPENDIX C - Mass Flow Measurement Equations

The equations used to calculate mass flow through the inlet and product sonic

nozzles were based on NASA Technical Note D--2565. The basic form is as

fol l ows:

P A (CorrEXP) C* Cd (60) RAIR

~,ffOR RNEA

where: W = Mass flow, PPM or lbs/min.

P = Nozzle inlet total pressure, PSIA.

A = Nozzle throat area, IN2 .

CorrEXF = Area correction for thermal expansion of nozzle throat,

C * = Critical flow function per NASA D-2565.

Cd = Discharge coefficient per NASA D-2565.

RAIR - Gas constant for air = 53.3497.

RNEA = Gas constant for NEA = 55.15 - 0.08618 (%02).

T - Nozzle inlet total temperatures OR.

The nozzle inlet pressure is actually measured as static pressure. However,

the inlet piping is large compared to the throat, A/A* was no greater than 20

for any nozzle which yields a maximum Pt/P = 1.0006 (per NACA 1135). This

implies a maximum error of 0.06%, which was ignored, and Fstati, was therefore

S... ... . . .. .. .tota I

The nozzle throat diameters, used for the A/G and Permea tests, were measured

to the nearest 0.00011" at room temperature. The measurements were as follows:

Nozzle Throat Dia. (IN)

ASM Under Test Inlet Product

A/G 0.0685 0.1367

Per'mea-- 0.0362 0.0564 1
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The nozzles were operated at temperatures as much as 50°F off room ambient. To

correct for thermal expansion of the nozzles (brass nozzles), the following

correction was used:

CorrExP = (A/A) = (d'/d) 2  (1 + CEXP AT) 2 _ [1 + 1.11xlO- 5 (T*F - 70)32

The critical flow function, C*, accounts for real gas effects as follows:

C* =0.532 + [1.48x10"5 + 1.086x10 7 (70 - ToF )]PPSIA

The discharge coefficients Cdt is approximated by the following:

3.3058
Cd = 0.99738 .

0.02122 WPPM
where: NR - Throat Reynolds Number = -•

diN J•

,4A = VfSCnOitv

= 1.018x10-6 + 1.46x10- 9 (ToF - 70) Ibm/sec-in

Since Cd is dependent on W, an iterative solution for W was used with an

initial guess of 0.99 for Cd.

Added to the sonic nozzle flow calculation for the product flow only was 0.0125

PPM for oxygen analyzer flow.

The rotameters used to measure waste and product flow for the Permea endurance

test were factory calibrated and specified as t 2 % accurate. They were

further corrected to actual conditions as follows:

535
Pamb 1 where: S.G. = (5) (0.981) for 9 %02 product
--DA- x ---- ToRINDICATE 14.7 S.G.

535
S.G. = (-) (1.015) for 30 %02 waste

TCR

C-2



APPENDIX D - A/G Technology Performance Envelope Data

This Appendix Includes actual measured performance data for both of the A/G

Technology ASMs (ASM 11 and ASM #2) presented In tabular and graphical form.

The definitions for the tabular data column headings are as follows:

PASMIN = ASM Inlet pressure, PSIG.

PWASTE = ASM waste pressure, PSIA.

T-ASM = ASM case temperature, OF.

WPROD = Product or NEA mass flow rate, PPM or Lbs/Mir.

OXPROD = Product or NEA 02 concentration, % by volume.

0/I = Re'covery or product flow/Inlet flow, %.

DP-ASM = ASM pressure drop or inlet - product pressure, PSID.

WINLET = ASM inlet mass flow rate, PPM or Lbs/Min.

TASMIN = ASM inlet air temperature, OF.

The data on the following pages Is organized according to the temperature and

waste pressure. Each page contains all data (product flows and inlet

pressures) collected at a particular temperature and waste pressure. The

following index is offered to aid in locating specific data.

A/G ASM #1 (S/N 6A-G/I300501AL) A/G ASM 12 (S/N 2BH5OO2O1AL)

Temp Pressure Temp Pressure
(OF) (PSIA) Tab Data Graph (•F) (PSIA) Tab Data Graph

120 14.7 D-2 D-11 140 14.7 0-20 D-26
120 5.0 D-3 D-12 140 5.0 D-21 D-27
100 14.7 D-4 D-13 120 14.7 D-22 D-28
100 10.0 D-5 D-14 120 5.0 D-23 D-2q
100 5.0 D-6 D-15 100 14.7 0-24 D-30
100 2.0 D-7 D-16 100 5.0 D-25 D-31
75 14.7 D-8 D-17 -
s0 14.7 D-9 D-18
50 5.0 D-10 D-19
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APPENDIX D
A/G TECHNOLOGY PERFORPANC:E ENVELOPE DATA

ASM 11 (S/N 6A-G/1300501AL)

120°F, Nominal 14.7 PSIA

PASMIN PWASTE. T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPt) (0O) •)() (PSID) (PPM) (OF)

20.02 14.71 121.9 0.100 9.01 20.45 0.95 0.490 119.8
20.04 14.69 121.8 0.200 11.80 33.77 1.31 0.593 119.9
20.05 14.67 121.8 0.299 13.56 43.23 1.67 0.693 119.9
19.98 14.68 121.9 0.399 14.75 50.41 2.04 0.791 120.0

29.91 14.71 121.3 0.100 6.08 14.72 0.98 0.681 119.0
29.98 14.70 121.3 0.200 8.38 25.30 1.27 0.791 119.2
29.99 14.69 121.3 0.300 10.14 33.53 1,54 0.896 119.1
30.00 14.68 121.4 0.401 11.50 40.16 1.85 0.998 118.9
29.95 14.67 121.6 0.600 13.45 49.84 2.44 1.203 119.8

40.11 14.66 122.0 0.100 4.65 11.08 1.04 0.901 120,0
40.00 14.71 121.9 0.199 6.35 19.77 1.26 1.008 120.1
40.01 14.69 121.9 0.301 7.88 26.99 1.51 1.114 120.1
39.90 14.67 121.9 0.400 9.19 32.91 1.73 1.214 119.9
39.95 14.69 121.9 0.600 11.21 42.19 2.27 1.422 119.4
40.16 14.68 121.8 0.800 12.66 49.38 2.73 1.620 118.8

55.02 14.71 121.2 0.100 3.54 8.37 1.05 1.193 120.1
D4.014 14,0V 121.z 0.200 L*Aa1,3 1,2 1 1,307 V 2 .I

55.04 14.70 121.1 0.300 5.86 21.11 1.51 1.422 120.3
54o99 14.68 121.1 0.400 6.98 26.18 1.67 1.528 120.4
54.76 14.71 121.2 0.600 8.87 34.58 2.06 1.736 120.0
55.00 14.67 121.2 0.801 10.36 41.23 2.47 1.942 119.1
54.93 14.67 121.3 1.000 11.54 46.77 2.86 2.138 118.5

69.95 14.69 120.9 0.099 3.02 6.68 1.09 1.490 120.1
70.12 14.65 120,8 0.200 3.78 12.41 1.24 1,609 120.2
70.02 14.68 120.8 0.299 4.68 17.34 1.58 1.726 120.5
69.95 14.68 120.8 0.400 5.54 21.80 1.76 1.836 120.5
r,9.9o7 r.,7 !2 n. A . 0 r, oIn -an! 7 -,, pR qn-r

70.10 14.67 121.0 0.799 8.53 35.29 2.29 2.263 119.8
70.05 14.66 120.9 1.001 9.69 40.71 2.65 2.459 118.7
69.98 14.66 120.9 1.199 10.65 44.98 2.97 2.666 118.5
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASH 11 (S/N 6A-G/1300501AL)

120°F, Nominal 5 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASH WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (%02 ) (M) (PSID) (PPM) (OF)

20.01 4.96 121.1 0.101 5.61 21.00 1.30 0.479 119.4
20.05 5.00 121.2 0.201 8.51 34.29 1.80 0.585 119.7
20.00 4.99 121.2 0.299 10.63 43.83 2.32 0.681 119.9
19.89 4.97 121.3 0.400 12.23 51.29 2.87 0.781 120.1

30.02 5.00 121.4 0.100 3.77 14.76 1.24 0.680 120.2
30.08 5.00 121.3 0.200 5.81 25.27 1.62 0.791 120.3
29.93 5.02 121.4 0.301 7.62 33.70 2.01 0.895 120.3
30.08 5.00 121.4 0.400 9.06 40.14 2.37 0.998 120.3
29.92 4.96 121.6 0.599 11.31 50,04 3.15 1.197 120.2

40.05 4.99 121.5 0.100 3.08 11.38 1.22 0.880 120.0
40.06 4.97 121.6 0.199 4.47 20.17 1.52 0.988 119.9
39.96 4.94 121.6 0.300 5.92 27.52 1.82 1.091 119.8
40.01 4.96 121.5 0.400 7.21 33.40 2.10 1.198 119.8
40.09 5.01 121.6 0.599 9.29 42.62 2.73 1.404 119.6
40.04 5.00 121.5 0.801 10.88 49.U5 3.33 1.607 119.6

54.88 4.99 121.4 0.100 1 2.60 8.62 1.19 1.158 119.8
54.94 5.00 121.3 0.200 3.52 15.76 1.41 1.270 119.8
54.93 5,00 121.3 0.301 4.56 21.76 1.63 1.382 119.9
54.85 5.02 121.3 0.400 5.59 26.86 1.87 1.490 119.9
55.02 4.98 121.1 0.600 7.39 35.16 2.30 1.706 119.8
55.12 5.01 121.0 0.800 8.89 41.72 2.85 1.918 119.8
55.10 4.97 120.9 1.000 10.10 47.19 3.33 2.119 119.5

69.97 5.00 120.9 0.099 2.43 6.89 1.21 1.444 120.2
69.97 5.00 120.9 0.199 3.10 12.79 1.35 1.558 120.2
70.14 4.96 120.7 0.300 3.88 17.88 1.57 1.675 120.5
70.01 4.96 120.7 0.400 4.70 22.43 1.77 1.784 120.5

u.u0 4. V9 120.7 .6U00u 6.30 I 29.95 2,12 Z.005 i120.5
70.01 4.96 120.7 0.799 7.67 36.07 2.51 2.217 120.5
70.19 4.98 120.8 1.000 8.82 41.17 2.93 2.429 120.2
70.01 4.96 120.8 1.200 9.82 45.68 3.33 2.627 119.9
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 11 (S/N 6A-G/I300501AL)

100°F* Nominal 14.7 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (%02) (%) (PSID) (PPM) (OF)

20.57 14.69 100.1 0.101 9.05 25.06 0.75 0.402 98.8
20.25 14.68 100.1 0.200 12.28 40.01 1.08 0.500 98.8
20.12 14.67 100.3 0.300 14.15 50.13 1.40 0.599 98.9
19.98 14.68 100.3 0.400 15.41 57.56 1.74 0.695 98.9

30.06 14.69 100.5 0.101 6.03 38.29 0.76 0.551 98.8
30.00 14.68 100.5 0.200 8.84 30.56 1.03 0.654 98.8
30.00 14.68 100.6 0.301 10.81 39.71 1.28 0.757 98.6
30.05 14.70 100.5 0.401 12.25 46.64 1.55 0.859 98.6
30.05 14.70 100.6 0.600 14.20 56.58 2.10 1.060 98.7

40.16 14.68 100.4 0.101 4.36 14.38 0.76 0.699 98.6

39.99 14.71 100.4 0.201 6.59 24.86 0.98 0.808 98.5
39.95 14.69 100.4 0.300 8.40 32.83 1.20 0.914 98.7
40.02 14.69 100.3 0.400 9.83 39.23 1.43 1.019 98.5
39.96 14.68 100.4 0.600 11.95 48.98 1.90 1.225 98.5
39.94 14.70 100.3 0.799 13.41 56.08 2.33 1.425 98.4

54.99 14.68 100.2 0.100 3.17 10.78 0.77 0.931 98.5
55.04 14.70 100.2 0.201 4.64 19.33 0.94 1.042 98.6
54.87 14.67 100.1 0.301 6.08 26.16 1.26 1.149 98.8
55.01 14.67 100.1 0.400 7.34 31.76 1.33 1.260 99.0
55.01 14.67 100.1 0.600 9.38 40.63 1.69 1.476 99.2
55.02 14.72 100.1 0.799 10.92 47.36 2.05 1.686 99.3
55.10 14.71 100.4 1.001 12.05 52.77 2.47 1.896 99.6

69.99 14.71 10G.1 0.101 2.55 8.67 0.80 1.171 100.4
69.94 14.70 99.9 0.200 3.56 15.57 0.93 1.285 100.4
69.99 14.72 99.9 0.300 4.65 21.40 1.11 1.404 100.5
70.04 14.73 99.9 0.400 5.68 26.34 1.05 1.517 100.5
69o96 14.68 100.0 o.buo 7.5b 34.59 1.61 1.735 100.3
70.01 14.70 100.3 0.800 9.04 41.16 1.94 1.944 1.00.1
70.20 14.71 100.4 1.000 10.21 46.43 2.21 2.154 99.9
70.27 14.71 100.4 1.200 11.17 50.93 2.55 2.356 99.7

90.06 14.69 100.3 0.100 2.17 6.72 0.78 1.487 100.4
90.09 14.66 100.1 0.201 2.84 12.51 0.96 1.605 100.5
90.00 14.68 99.9 0.300 3.62 17.41 1.04 1.720 100.6
89.93 14.69 99.9 0.401 4.45 21.82 1.17 1.839 100.5
90.14 14.68 99.8 0.601 5.98 29.07 1.49 2.069 100.4
90.03 14.65 99.9 0.800 7.35 35.04 1.76 2.284 100.2
90.02 14.67 100.0 1.000 8.50 40.14 2.03 2.492 100.0

90.29 14.66 100.1 1.201 9.45 44.38 2.26 2.705 99.7
89.92 14.70 100.1 1.400 10.31 48.15 2.56 2.907 99.5
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 01 (S/N 6A-G/I300501AL)

100°Fs Nominal 10 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (U02) (M) (PSID) (PPM) (OF)

20.11 10.01 99.8 0.101 7.72 25.61 0.86 0.395 97.9
19.98 10.01 99.9 0.200 10.98 40.19 1.25 0.497 98.3
20.12 10.00 99.9 0.300 12.95 50.09 1.64 0.599 98.5
20.00 9.99 100.0 0.400 14.37 57.55 2.05 0.696 98.7

30.21 10.00 100.3 0.100 4.79 18.11 0.84 0.550 98.8
30.06 10.01 100.3 0.200 7.52 30.48 1.15 0.657 99.0
30.07 10.01 100.3 0.300 9.54 39.38 1.43 0.762 99.1
30.02 9.99 100.3 0.400 11.07 46.42 1.76 0.862 99.1
29.97 9.97 100.5 0,599 13.17 56.26 2.40 1.064 99.0

40.02 10.01 100.6 0.101 3.52 14.31 0.83 0.703 99.2
40.04 9.99 100.6 0.200 5.50 24,54 1.07 0.813 99.3
39.97 10.00 ].00.6 0.300 7.30 32.64 1.33 0.920 99.3
39.97 10.00 100.6 0.400 6.75 38,96 1.54 1.027 99.2
40.01 10.02 100.7 0.600 10.91 48.56 2.09 1.235 99.4
40.07 10.03 ]00.7 0.798 12.40 55.60 2.61 1.435 99.3

55.19 994 100.6 0.059 2.58 10.55 0.82 0,937
55.02 9.97 100.6 0.200 3.90 19.02 1.03 1.051 99.7
54.90 10.03 100.5 0.300 5.25 25.85 1.25 1.161 99.8
55.06 10.01 100.5 0.400 6.46 31.47 1.41 1.270 99.8
55.21 9.99 100.5 0.600 8.48 40.31 1.83 1.489 99.7
55.01 9.98 100.5 0,801 10.09 47.27 2.20 1.694 99.6
55.22 9.98 100.5 0.999 11.30 52.53 2.68 1.903 99.6

70.12 9.97 100.6 0.i00 2.21 8.51 0.83 1.175 99.9
70.06 9,97 100.5 0.201 3.10 15.62 1.01 1.286 99.9
70.05 9.98 100.5 0.301 4.1.1 21.51 1.33 1.400 99.9
09./ iuu i100.4 0.400 5.12 26.45 1.50 1.513 I00.0v
69.95 10,01 100.3 0.600 6.93 34.65 1.66 1.732 100.1
70.03 10.00 100.4 0.799 8.41 41.13 2.01 1.942 99.6
70.17 10.00 100.4 0.999 9.61 46.38 2.31 2.154 99.7
70.16 10.01 100.4 1.200 10.62 50.92 2.73 2.357 99.6

90.14 10.00 100.4 0.100 1.94 6.71 0.84 1.488 100.3
90.08 9.99 100.3 0.201 2.54 12.53 0.94 1.600 100.4
89.95 9.99 100.1 0.300 3.26 17.55 1.11 1.712 100.4
89.95 9.99 99.9 0.401. 4.07 21.81 1.26 1.839 100.7
89.98 10.03 99.9 0.600 5.56 29.05 1.56 2.065 100.5
90.13 9.94 99.9 0.800 6.89 35.04 1.81 2.284 100.3
89.94 10.01 100.1 1.001 8.07 40.28 2.06 2.486 99.7
90.09 9.98 100.1 1.199 9.04 44.45 2.38 2.697 99.2
90.17 9.97 100.0 1.400 9.89 48.25 2.63 2.902 99.2
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #1 (S/N 6A-G/I300501AL)

1000 Fs Nominal 5 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM, WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (%02) W (FSID) (PPM) (OF)

20.11 5.00 100.5 0.101 5.58 25.47 1.04 0.396 98.2
19.99 4.99 100.5 0.200 8.95 40.27 1.50 0.497 98.2
20.05 5.00 100.5 0.300 11.15 50.13 2.00 0.598 98.3
19.99 4.99 100.6 0.400 12.73 57.43 2.49 0.697 98.2

29.94 5.00 100.5 0.099 3.53 18.21 0.96 0.545 98.2
30.04 5.02 100.6 0.200 5.98 30.47 1.30 0.655 98.3
29.86 5.00 100.6 0.300 8.02 39.62 1.66 0.758 98.1
29.94 4.99 100.6 0.400 9.59 46.46 1.98 0,A62 98.2
30.05 5.01 100.6 0.600 11.85 56.35 2.71 1.065 98.2

40.15 4,93 100.6 0.099 2.64 14.23 0.91 0.696 98.2
40.01 4.95 100.6 0.199 4.42 24.75 1.17 0.805 98.2
39.91 4.98 100.6 0.300 6.11 32.88 1.46 0.911 98.2
39.96 5,00 100.4 0.401 7.55 39.22 1.75 1.021 98.3
40.10 4.99 100.4 0.600 9.77 48.80 2.32 1.230 98.4
39.88 5.00 100.3 0.801 11.42 55.93 2.91 1.431 98.2

55.01 4.97 100.4 0.100 2.10 10.84 0.88 0.924 98.6
55.02 4.96 100.3 0.200 3.24 19.30 1.08 1.036 98.6
55.16 4.96 100.2 0.300 4.47 26.13 1.31 1.149 98.8
55.16 5.03 100.2 0.400 5.64 31.69 1.51 1.261 98.9
54.88 4.97 100.1 0.599 7.69 40.75 1.96 1.469 98.9
55.10 4.96 100.2 0.800 9.28 47.51 2.42 1.684 98.9
55.00 4.99 100.3 1.000 10.54 52.97 2.88 1.888 98.7

70.07 5.01 100.2 0.100 1.85 8.66 0.88 1.156 99.2
69.91 4.98 100.2 0.200 2.65 15.76 1.04 1.266 99.2
69.96 5.00 100.1 0.300 3.59 21.72 I 1.27 1.379 99.3
70.06 5.03 100.0 0.400 4.55 26.78 1.27 1.494 99.4
70.04 4.98 99.9 0.600 6.31 34.97 1.73 1.716 99.5
69.89 5.00 99.9 0.800 7.82 41.56 2.11 1.926 99.2
70.29 5.00 100.0 1.000 9.02 46.68 2.40 2.143 99.1
70.28 5.01 100.0 1.200 10.04 51.10 2.88 2.349 98.9

89.93 4.93 99.7 0.100 1.65 6.91 0.87 1.448 100.0
89.89 4.97 99.5 0.199 2.25 12.73 1.03 1.568 100.1
89,92 5.01 99.3 0.301 2.95 17.79 1.16 1.691 100.2
90.07 5.00 99.3 0.400 3.70 22.14 1.27 1.806 100.1
89.90 4.96 99.3 0.600 5.19 29.51 1.61 2.033 100.0
90.04 5.03 99.3 0.800 6.51 35.49 1.92 2.255 100.0
90.15 4.98 99.6 1.000 7.68 40.47 2.18 2.472 99.6
90.01 4.99 99.7 1.200 8.67 44.86 2.50 2.674 99.2
90,12 5.01 99.7 1.401 9.51 48.63 2.71 2.881 98.8
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 11 (S/N 6A-G/I300O1AL)

_100
0F, Nominal 2 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (_F) (PPM) (%0U ) (%) (PSID) (PPM) (OF)

20.04 1.99 100.6 0.099 4.34 24.99 1.17 0.396 100.1
20.05 1.98 100.7 0.201 7.54 40.04 1.73 0.501 100.0
20.06 1.98 100.7 0.301 9.85 49.91 2.29 0.604 100.1

30.05 2.01 101.0 0.100 2.94 18.37 1.04 0.546 99.4
30.05 2.01 100.9 0.200 5.20 30.62 1.42 0.654 99.2
29.92 2.01 100.9 0.301 7.19 39.73 1.79 0.757 99.2
29.91 2.02 100.9 0.400 8.81 46.55 2.19 0.860 99.1
29.99 2.00 100.9 0,581 10.97 55.57 2.94 1.045 98.8

40.15 2.00 100.7 0.100 2.33 14.52 0.97 0.690 98.7
40.02 1.99 100.8 0.200 3.98 25.05 1.27 0.798 98.7
39.96 1.98 100.7 0,299 5.63 32.99 1.57 0.906 98.8
40.01 2.00 100.5 0.401 7.05 39.52 1.85 1.015 98.6
39.94 2.01 100.5 0.600 9.35 49.10 2.46 1.223 98.6
40.00 2.01 100.5 0.774 10.83 55.30 3.01 1.399 98.5

54°96 OR 95 4l.n o,100 1.92 11.03 0.93 0.908 98.8
55.06 1.98 100.4 0.200 3.04 19.54 1.15 1.023 98.9
54.96 2.02 100.3 0.300 4.27 26.49 1.35 1.132 98.9
55.06 2.06 100.1 0.400 5.45 32.19 1.59 1.244 99.1
55.13 2.05 100.1 0.600 7.49 41.09 2.02 1.461 99.2
54.87 2.11 100.1 0.800 9.12 47.98 2.50 1.666 99.0
55.36 2.15 100.1 1.000 10.34 53.17 3.00 1.881 98.9

69.88 2.53 100.1 0.101 1.78 8.89 0.90 1.138 99.2
70.12 2.56 100.1 0.199 2.59 15.87 1.07 1.255 99.6
70.09 2.59 99.9 0.301 3.53 21.94 1.38 1.370 99.7
69.98 2.63 99.9 0.401 4.50 27.02 1.42 1.483 99.9
70.09 2.66 100.0 0.602 6.28 35.31 1.82 1.705 99.8
70.00 2.68 100.0 0.801 7.78 41.85 2.23 1.913 99.7
69.90 2.72 100.1 1.001 9.01 47.20 2.57 2.122 99.5
69.81 2.74 100.1 1.199 10.00 51.69 2.98 2.319 99.4

90.03 3.23 100.1 0.100 1.75 6.86 0.90 1.453 100.0
90.03 3.30 100.1 0.200 2.30 12.83 1.06 1.560 100.0
90.01 3.25 100.0 0.299 2.97 17.89 1.14 1.669 100.1
89.78 3.35 100.0 0.400 3.72 22.45 1.28 1.781 100.2
89.84 3.42 99.9 0.599 5.19 29.78 1.57 2.013 100.3
89.94 3.45 99.9 0.799 6.54 35.83 1.87 2.231 100.0
89.97 3.35 99.9 1.001 7.70 40.90 2.17 2.447 99.8
90.09 3.44 99.9 1.200 8.67 45.21 2.50 2.653 99.7
90.16 3.51 99.9 1.401 9.55 48.94 2.92 2.863 99.3
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APPENDIX D

A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA
ASM 11 (S/N 6A-G/I300501AL)

75°F, Nominal 14.7 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (%02 ) (W) (PSID) (PPM) (OF)

20.05 14.65 73.8 0.100 10.24 32.19 0.56 0.310 74.4
20.05 14.71 73.7 0.199 13.45 48.16 0.87 0.413 74.6
19.93 14.71 73.8 0.298 15.22 58.62 1.17 0.509 74.7
19.93 14.70 73.8 0.401 16.26 65.70 1.48 0.610 74.6

29.97 14.68 74.0 0.101 6.69 23.85 0.56 0,423 74.6
30.02 14.70 74,1 0.200 9.79 37.95 0,80 0.526 74.7
29.99 14.67 74.1 0.300 11.85 47.73 1.04 0.629 74.6
30.07 14.65 74.2 0,400 13.23 54.87 1.29 0.729 74.5
29.89 14.63 74.2 0.601 15.13 64.63 1.78 0.931 74.1

39.97 14.64 74.2 0.101 4.73 19.09 0.55 0.527 74.3
39.94 14.67 74.1 0.199 7.39 31.32 0.73 0.636 74.6
39.89 14.65 74.1 0.300 9.40 40.36 0.95 0.743 74.5
39.94 14.67 74.1 0.401 10.90 47.18 1.15 0.849 74.6
40.03 14.64 74.1 0.601 12.98 56.88 1.58 1.056 1 74.3
39.90 14.64 74.1 0.800 14.38 63.90 1.98 1.252 73.8

55.01 14.70 73.9 0.099 3.15 14.37 0.54 0.691 74.6
54,89 14,68 73.8 0.200 5.13 24.85 0.69 0.806 74.9
54.99 14.65 73.8 0.299 6.84 32.60 0.87 0.918 74.9
55.04 14.67 73.8 0.400 8.30 39.04 1.01 1.025 74.3
55.11 14.67 73.9 0.600 10.41 48.15 1.36 1.246 75.6
55.07 14.64 74.0 0.800 11.96 55.07 1.73 1.453 75.3
55.19 14.66 73.9 1.002 13.23 60.83 2.07 1.647 73.7

70.03 14.65 74.0 0.101 2.41 11.60 0.53 0.868 75.7
69.95 14.66 74.0 0.199 3.82 20.28 0.66 0.982 75.1
69.92 14.69 73.9 0.299 5.17 27.39 0.81 1.092 75.4
69.99 14.68 73.9 01400 6.42 33.30 0.96 1.201 75.1
70.08 14.67 74.0 0,500 7.55 38.19 1.11 1.308 74.8
69.90 14.71 74.0 0.601 8.53 42.55 1.23 1.412 74.5
69.99 14.69 74.0 0.799 10.05 48.96 1.54 1.633 75.0
69.93 14.68 73.9 0.999 11.27 54.25 1.83 1.841 75.2
70.22 14.66 74.2 1.203 12.34 59.03 2.06 2,038 73.9

89.95 14.64 73.7 0.099 1.90 9.19 0.55 1.081 75.2
90.00 14.65 73.7 0.200 2.88 16.68 0.64 1.201 75.0
89.94 14.65 73.8 0.301 3.96 22.74 0.78 1.321 74.9
90.04 14.68 73.8 0.400 4.95 27.78 0.89 1.439 75.6
90.03 14.63 73.9 0.499 5.88 32.32 1.02 1.544 75.4
89.83 14.69 73.9 0.599 6.76 36.23 1.10 1.653 75.1
90.03 14.69 74.0 0.801 8.19 42.64 1.38 1.878 75.4
90.'7 14.71 73.9 1.002 9.50 47.99 1.60 2.087 74.8
89.96 14.70 73.8 1.200 10.56 52.47 1.80 2.287 74.3
89.88 14.71 73.8 1.399 1 11.40 56.03 2.10 2.498 74.5
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVFLOPE DATA

ASM 11 (S/N 6A-G/1300501AL)

50 0F, Nominal 14.7 PSIA __=-

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLEl TASMIN
(PSIG) (PSIA) (OF) (PPM) (X02) (S) (PSID) (PPM) (OF)

19,98 14.65 49.0 0.102 11.35 39.71 0.46 0.257 50.9
20.00 14,63 49.3 0.198 14.45 55.84 0.73 0.355 50.7
20.05 14.65 49.6 0.299 16.05 65.73 1.00 0.455 50.9
20,02 14.68 49.7 0.400 17.05 72,13 1.29 0.555 50.7
19.96 14.67 49.9 0.601 18.21 80.04 1.88 0.751 50.5

29.92 14.67 48.6 0.100 7.58 30.13 0.43 0.333 50.9
29.99 14.67 48.6 0.199 11.02 45.60 0.64 0.436 50.5
29.98 14.67 48.7 0.300 13.07 55.55 0.85 0.539 50.4
29.94 14.65 48.5 0.400 14.44 62.77 1.07 0.638 50.6
30.00 14.66 48.8 0.401 14.43 62.49 1.09 0.641 50.2
29.86 14.66 48.5 0.599 16.18 71.35 1.54 0.839 50.1

40.01 14.67 48.2 0.099 5.32 24.05 0.41 0.411 50.5
39.95 14.66 48.4 0.200 8.47 38.35 0.59 0.521 50.6
39.95 14.66 48.3 0.300 10.68 47.94 0.78 0.626 50.5
39.95 14.66 48.4 0.601 14.26 64.49 1.34 0.931 49.8
39e92 14.69 48.1 0.801 15.62 70.44 1.74 1.137 50.4

54.89 14.68 48.1 0.102 3.42 19.07 0.39 0.533 51.1
54.99 14.65 48.2 0.199 5.91 30.97 0.53 0.641 50.7
54.94 14.63 48.2 0.300 7.99 39.82 0.70 0.754 50.2
54.97 14.67 48.2 0.401 9.54 46.44 0.82 0.863 5C.8
54.98 14.67 48.1 0.600 11.81 56.10 1.13 1.070 50.4
55.11 14.67 48.2 0.800 13.36 62.85 1.44 1.272 49.7

69.96 14.65 47.7 0.100 2.51 15.28 0.36 0.656 50.6
69.83 14.65 47.8 0.200 4.39 25.94 0.51 0.769 50.6
70.02 14.66 47.9 0.300 6.13 34.08 0.63 0.880 50.3
70.02 14.66 47.9 0.400 7959 40.46 0.74 0.990 50.2
69.99 14.69 47.9 0.600 9.88 49.82 1.00 1.204 50.1
69.93 14.68 47.6 0.801 11.55 56.66 1.27 1.415 50.0
70.17 14.64 48.0 1.003 12.76 61.44 1.55 1.632 50.3
69.87 14.60 47.7 1.198 13.72 65.92 1.78 1.817 50.0

89.93 14.72 48.5 0.100 1.86 12.29 0.36 0.812 50.2
90.06 14.66 48.6 0.199 3.14 21.32 0.49 0.932 50.1
90.04 14.68 48.6 0.300 4.51 28.38 0.59 1.056 50.3
89.95 14.64 47.2 0.399 5.79 34.15 0.66 1.169 50.7
89.86 14.66 47.1 0.601 7.91 43.32 0.91 1.387 50.7
90.05 14.67 47.0 0.800 9,51 49.95 1.11 1.601 50.6
90.13 14.66 47.3 1.000 10.86 55.41 1.30 1.805 49.7
90.15 14.64 47.6 1.200 11.89 59.54 1.58 2.016 50.1
89.99 14.67 47.4 1.401 12.74 62.92 1.82 2.226 50.5
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APPENDIX D
A/N TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #1 (S/N 6A-G/1300501AL)

50Oj1Aomln i1 5 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSiG) (PSIA) (OF) (PPM) (%0 (M) (PSID) (PPM) (cF)

19.94 5.00 48.8 0.099 7.43 38.94 0.63 0.255 51.0
19.97 4.97 47.7 0.199 11.26 55.59 1.02 0.359 50.2
19.90 4.98 48.2- 0.299 13.-u 5 O,_ 1.41 0.459 52.0
20.11 4.97 49.8 0.399 14.75 71.18 1.80 0.560 50.8

30.05 4.99 47.6 0.099 4.42 29.06 0.55 0.341 51.2
30.05 4.99 47.5 0.200 7.87 44.51 0.83 0.450 51.2
29.98 4.99 47.5 0.299 10.19 54.25 1.13 0.552 50.9
29.97 5.00 47.5 0.400 11.88 61.50 1.40 0.651 50.8
29.97 5.00 47.6 0.600 14.06 70.53 1.99 0.851 50.6

39.96 4.96 47.7 0.101 3.04 24.36 0.50 0.417 51.1
39.94 4.99 47.7 0.200 5.84 37.87 0.73 0.527 50.8
40.03 4.96 47.8 0.300 8.01 47.16 0.95 0.636 50.4
39.95 4.97 47.7 0.399 9.68 54.07 1.16 0.739 50.1
39.94 4.99 47.8 0.600 12.07 63.48 1.63 0.946 50.0
39.90 5.03 47.7 0.801 13.62 69.63 2.15 1.150 50.1

54.98 4.97 47.6 0.100 2.05 18.67 0.47 0.536 51.0
54.97 4.99 47.7 0.199 4.01 30.68 0.62 0.650 50.8
55.11 4.98 47.7 0.299 5.82 39.35 0.80 0.760 50.5
55.03 5.00 47.6 0.400 7.36 45.95 0.96 0.870 50.4
55.04 4.99 47.7 0.600 9.75 55.46 1.35 1.082 50.4
54.93 5.03 47.4 0.801 11.51 62.03 1.70 1.291 50.7
55.08 5.01 47.4 0.998 12.81 66.97 2.08 1.490 49.8

70.02 4.97 47.4 0.100 1.55 15.25 0.47 0.656 51.0
69.98 4.95 47.5 0.200 3.00 25.97 0.57 0.772 50.8

-.0 4.96 47A5 0300 4.51 '5 A A en An

70.03 4.96 47.5 0,401 5.87 40.22 0.86 0.996 50.5
69.93 5.00 47.5 0,599 8.13 49.46 1.14 1.212 50.5
70.01 4.98 47.0 0,800 9.75 56.45 1.44 1.417 50.7
70.11 4.95 47.0 1.001 11.07 61.32 1.75 1.633 50.1
70.17 4.96 47.1 1.199 12.14 65.56 2.04 1.828 49.1

89.85 4.99 47.2 0.099 1.22 12.24 0.41 0.807 50.8
89.99 4.98 47.3 0.201 2.25 21.56 0.53 0.931 50.3
89.85 4.98 47.3 0.301 3.38 28.80 0.64 1.044 50.2
89.97 5.00 47.4 0.399 4.50 34.12 0.77 1.169 50.9
89.91 4.99 47.4 0.600 6.52 43.39 0.97 1.383 50.4
89.95 4.95 47.0 0.797 8.07 50.22 1.24 1.588 50.2
89.96 5.00 47.3 1.002 9.45 55.44 1.46 1.808 49.5
90.04 5.00 46.9 1.201 10.54 59.60 1.72 2.016 49.3
89.87 5.03 46.9 1.399 11.41 62.89 1.97 2.224 49.8
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AFPPEN IOX D
AIG TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #1 (S/N 6A-G/I300501AL)

A/G TECHNOLOGY ASM #1
120 F. 14.7 PSIA
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #1 (S/N 6A-G!I300O51AL)

A/G TECHNOLOGY ASM #1
120 F. 6 PSIA
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #1 (S/N 6A-G/I300SO1AL)

A/'G TECHNOLOGY ASM #1
100 F. 14.7 PS&A
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 11 (S/N 6A-G/I300501AL)
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APPENDIX D
A/C TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM l1 (S/N 6A-G/I300501AL)

A/G TECHNOLOGY ASM #1
10 F. 5 PSIA
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #1 (S/N 6A-G/1300501AL)

A/G TECHNOLOGY ASM #1
100 F. 2 PSIA
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 01 (S/N 6A-G/I1300501AL)
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APPENDIX 0
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 11 (S/N 6A-G/I300SO1AL)

A/G TECHNOLOGY ASM #1
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASH 01 (S/N 6A-G/1300501AL)

A/G TECHNOLOGY ASM #1A/G•~5 F. 5 PSIASM 1"
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APPFEND'X D
A/G TECHNOLOGY PERFOM ANCE ENVELOPE DATA

ASM 12 (S/N 2BHSOO2O1AL)

140OF, Nominal 14.7 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (502) (M) (PSID) (PPM) ( 0F)

20.01 14.69 140.7 0.100 8.45 18.18 1.25 0.548 140.4
20.07 14.70 140.6 0.201 11.46 30.89 1.67 0.649 140.6

29.91 14.67 140.7 0.400 11.36 36.87 2.35 1.086 140.2
30.00 14.65 140.7 0.100 5.23 12.86 1.33 0.781 140.3

39.98 14.63 140.2 0.103 3.58 10.14 1.36 1.014 142.2
39.89 14,65 140.2 0.300 7.68 24.43 198 1.229 142.4
40.03 14.65 140.6 0.600 11.09 39.03 2.82 1.537 140.7

54.94 14.71 140.4 0.799 10.28 38.28 3.10 2.086 139.7
55.04 14.67 140.3 0.400 6.80 23.88 2.09 1.677 140.0
55.09 14.69 140.3 0.100 2.33 7.38 1.42 1.355 140.7
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #2 (S/N 2BHSOO2O1AL)

140°F, Nominal 5 PSIA

PASMIN PWASTE T-ASM WPROO OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (S02) (U) (PSID) ýPPM) (OF)

* -" -"- -

20.08 5.00 140.5 0.201 8.60 31.63 2.29 0.634 140.3
20.02 5.00 140.5 0.101 5.36 18.95 1.69 0.532 140.1

29.95 5.08 140.5 0.101 3.27 13.33 1.65 0,756 140.1
29.89 5.01 140.6 0.400 9.35 37.66 2.97 1.061 139.5

39.90 5.02 140.6 0.600 9.67 40.31 3.34 1.488 138.3
40.04 5.01 140.5 0.301 6.05 25.51 2.29 1.179 137.9
40.11 4.95 140.5 0.101 2.29 10.44 1.59 0.964 137.8

54.88 5.07 139.6 0.102 1.64 7.99 1.54 1.279 138.4
54.84 5.05 139.5 0.399 5.76 24.88 2.35 1.605 137.9
55.08 5.01 139.6 0.798 9,29 39.61 3.41 2.013 137.0
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASH #2 (S/N 2BH500201AL)

120OFv Nominal 14.7 PSIA

PASMIN PWASTE T-ASM WPROO OXPROD 0/i DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (SO ) (W) (PSID) (PPM) (OF)

20.14 14.71 120.4 0.100 8.74 21.18 1.03 0,471 120.2
20.04 14.67 120.5 0.200 11.88 35.06 1.43 0.569 120.6

30.16 14.71 120.5 0,100 5.34 15.07 1.08 0.661 120.9
29.99 14.68 120.6 0.401 11.75 41.27 2.01 0.971 121.0

39.99 14.70 120.7 0.599 11.53 43.96 2.42 1.363 120.3
40.15 14.67 120.7 0.300 7.96 28.28 1.61 1.062 120.3
39.86 14.70 120.6 0.101 3.63 11.94 1.09 0.842 120.7

55.15 14.71 120.6 0,102 2.28 8.97 1.17 1.136 121.5
55.00 14.73 120.5 0.401 7.07 27.42 1.77 1.464 121.4
55.01 14.71 120.6 0.799 10,65 42.66 2.69 1.873 120.5

70.10 14.73 120.5 1.196 11.15 46,77 3.15 2.558 118.8
70.00 14.69 120.4 0.601 7.51 31.03 2.05 1.938 119.0
70.03 14.67 120.2 0.200 3.06 13.24 1.32 1.508 120.2
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 12 (S/N 2BH500201AL)

120°F, Nominal 5 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN

(PSIG) (PSIA) (OF) (PPM) (%02) M%1 (PSID) (PPM) (OF)

20.11 4.98 1,20.4 0.200 8.85 35.75 1.96 0.559 119.9

20.05 4.98 120.4 0.101 5.44 22.00 1.40 0.458 119.8

30.12 4.87 120.4 0.100 3.21 15.78 1.32 0.636 120.0

30.05 5.00 120.3 0.400 9.60 42.07 2.55 0.951 120.1

40.16 4.92 120.6 0.600 9.84 44.70 2.91 1.343 119.2

39.97 4.97 120.5 0.299 6.12 28.99 1.92 1.032 119A3
40.08 5.00 120.4 0.100 2.18 12.26 1.27 0.817 119.5

55.01 4.96 120.2 0.100 1.49 9110 1.27 1.101 122.6

55.08 4.96 120.4 0.400 5.76 27.83 2.04 1.437 121.8

54.96 4.95 120.6 0.800 9.44 43.43 3.08 1.841 120.3

69.91 4.96 120.2 1.203 10.37 47.74 3.61 2.519 119.1

69.87 4.94 120.1 0.599 6.55 31.45 2.27 1.905 120.2

70.01 4.93 120.1 0.200 2.35 13.46 1.46 1.483 122.3
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APPENDIX D
A/G TECHNOLOCY PERFORMANCE ENVELOPE DATA

ASM #2 (SWN 2BH5002O1AL)

100°F, Nominal 14.7 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (°F) (PPM) (%02) (M) (PSID) (PPM) (OF)

- -. - - - -,. -, I
19.98 14.67 100.4 0.101 9.31 25.49 0.86 0.395 101.1

19.85 14.67 100.4 0.200 12.54 40.63 1.22 0.493 101.1

30.10 14.71 100.4 0.400 12.34 46.66 1,74 0.857 101.0
30.06 14.75 100.5 0.100 5.72 18.35 0.86 0.547 101.2

39.87 14.75 99.9 0.100 3.76 14.56 0.84 0.687 101.3
39.93 14.76 99.9 0.300 8.49 32.94 1.35 0.910 101.6

39.95 14.75 100.1 0.599 12.11 49.04 2.13 1.222 101.2

54.97 1.4.69 99.8 0.800 11.21 48.43 2.25 1.652 99.1
55,04 14.68 99.8 0.399 7.45 32.07 1.45 1.244 100.0

54.91 1A.68 99.8 0.101 2.28 11.02 0.85 0.918 100.7

69.96 14.73 99.3 0.202 3.13 15.97 1.04 1.267 101.9

70.01 14.75 99.7 0.601 7.84 35.15 1.68 1.711 101.1
69.99 14o70 100.1 1.201 11.68 52.12 2.74 2.304 98.7

90.02 14.71 99.5 1.606 11.63 53.19 3.03 3.020 97.1

89.87 14.67 99.1 0.602 6.30 30.37 1.52 1.982 98.9

89.99 14.68 99.0 0.802 7.77 36.35 1.85 2.205 99.2
89.94 14.67 99.1 0.201 2.23 12.94 1.01 1.550 100.3
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #2 (S/N 2BH500201AL)

1000F, Nominal 5 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I [P-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (%02) ME (PSID) (PPM) (OF)

19.98 5.04 100.3 0.199 9.28 40.92 1.66 0.485 99.4
20.04 5.06 100.3 0.099 5.67 25.62 1.15 0.387 99.3

30.04 5.01 100.3 0.099 3.24 18.54 1.06 0.534 99.4
30.06 4.99 100.2 0.400 10.01 47.20 2.21 0.848 99.3

39.91 5.03 100.3 0.599 10.31 49.65 2.54 1.207 99.2
39.92 5.02 100.2 0.301 6.40 33.56 1.60 0.896 99.4
39.97 5.03 100.1 0.100 2.13 14.79 1.00 0.677 99.5

54.99 5.05 100.1 0.100 1.35 11.14 0.98 0M899 100.3
55.04 5.00 100.0 0.400 5.97 32,50 1.68 1.232 100.3
54.97 5.07 100.1 0.799 9.83 48.49 2.65 1.649 99.4

70.01 5.00 100.0 1.200 10.68 52.52 3.16 2.286 98.4
69.73 5.01 99.8 0.601 6.75 36.17 1.88 1.661 99.0
70.10 4.97 99.7 0.202 2.26 16.40 1.14 1.230 99.6

89.97 5.08 99.6 0.201 1.72 13.10 1.13 1.532 100.9
90.00 5.05 99.6 0.800 6.95 36.33 2.04 2.200 100.0
90.18 5.07 99.8 1.604 10.91 53.23 3.44 3.013 97.8
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APPENDIX D
AIG TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #2 (S/N 2SH500201AL)
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM #2 (S/N 2BH500201AL)
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APPEbIIX D
A/G TECHNOLOGY PERRAMANCE ENVELOPE DATA

ASM #2 (S/N 2BH500201AL)

A/G TECHNOLOGY ASM #2
120 F, 14.7 PSLA
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APPENDIX D
AiG TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 12 (S/N 2BHSOO20,IL)

A/G TECHNOLOGY ASM #2
120 F. t PSIA
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APPENDIX D
A/G TECHNOLOGY PERFORMANCE ENVELOPE DATA

ASM 12 (S/N 2BH5OO201AL)

A/G TECHNOLOGY ASM #2
100 F. 14.7 PSIA
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APPENDIX D
A/G TECHNOLOGY FERFORMANCE ENVELOPE DATA

ASM #2 (S/N 28H500201AL)
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APPENDIX E - Permea Performance Envelope Data

This Appendix includes actual measured performance data for the Permea ASH

presented in tabular and graphical form.

The definitions for the tabular data column headings are as follows:

PASMIN = ASM inlet pressure, PSIG.

PWASTE = ASM waste pressure, PSIA.

T-ASM = ASM case temperature, OF.

WPROD = Product or NEA mass flow rate, PPM or Lbs/Mtn.

OXPROD = Product or NEA 02 concentration, % by volume.

0/i - Recovery or product flow/inlet flow, X.

DP-ASM = ASM pressure drop or inlet - product pressure, PSID.

WINLET = ASM inlet mass flow rate, PPM or Lbs/Mtn.

TASMIN = ASR inlet air temperature, OF.

Note that some data (WINLET and 0/I) are listed as NA (Not Available) in the

tabular data. This resulted when inlet flow was below the range of the inlet

flow meter. For the graphical data only, the missing data have been estimated

using a model of waste flow (Appendix F).

The data on the following pages is organized according to the temperature and

waste pressure. Each page contains all data (product flows and inlet

pressures) collected at a particular temperature and waste pressure. The

following index is offered to aid in locating specific data.

Waste Page I
Temp Pressure -

(OF) (PSIA) Tab Data Graph

200 14.7 E-2 E-12
200 5.0 E-3 E-13
175 14.7 E-4 E-14
175 5.0 E-5 E-15
150 14.7 E-6 E-16
150 5.0 E-7 E-17
120 14.7 E-8 E-18
120 10.0 E-9 E-19
120 5.0 E-10 E-20
120 2.0 !E-11 E-21

E-1



APPENDIX E
PERMEA PERFMIRANCE ENVELOPE DATA

Nomtnal 2000F, 14.7 PSIA

PASMIN PWASTE • T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN

(PSIG) (PSIA) (OF) (PPM) M02) M (PSID) (PPM) (OF)

19.75 14.61 192.9 0.025 13.59 NA 2.67 NA 197.6

20.11 14.66 192.9 0.050 16.53 68.90 4.56 0.072 198.9

30.12 14.67 192.9 0.025 9.61 NA 2.44 NA 199.3

29.99 14.67 193.0 0.050 13.31 58.38 3.89 0.086 200.1

30.06 14.67 193.1 0.075 15.29 68.41 5.42 0.110 200.8

45.14 14.68 193.4 0.025 5.84 NA 2.23 NA 199.4

45.07 14.68 193.4 0.050 9.53 45.52 3.35 0.110 200.4
45.01 14.67 193.4 0.075 11.81 56.33 4.47 0.133 200.7

64.97 14.70 193.6 0.025 3.28 NA 2.07 NA 200.1

65.03 14.71 193.6 0.050 6.26 36.62 2.93 0.136 200.4
65.04 14.69 193.6 0.075 8.52 47.05 3.78 0.159 201.1
64.98 14.69 193.6 0.100 10.20 52.25 4.64 0.191 201.8

89.99 14.67 192.5 0.025 1.97 NA 2.01 NA 201.1
89.98 14.67 192.8 0.050 4.03 NA 2.65 NA 201.8

-- - I .-- ^ ^* 00% rC G 3t 2~ 1; f% )n c A4

89.60 14.66 193.1 0.100 7.44 42.92 3.98 0.233 202.3
90.06 14.66 193.3 0,125 8.75 48.97 4.64 0.256 2D3.7

90.03 14.69 193.3 0.150 9.82 53.34 5.26 0.281 202.1

i__E_ -2__
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 2000 F, 5.0 PSIA

PASMIN PWASTE ' T-ASM WPROD OXPROD 0/I DP-ASM WINLEr TASMIN
(PSIG) (PSIA) (OF) (PPM) 3%02) (%) (PcID) (PPM) (OF)

S.. .. ... - - - - '_ -W"

19.82 4.99 192.2 0.C25 9.92 50.80 3.84 0.050 198.2
19.96 4.99 192.2 0.OO 14.13 69.85 6.74 0.071 199.5

30.C2 5.01 191.8 0.025 6.04 38.53 3.13 0.065 196.8
30.04 5.00 191.8 0.050 10.42 57.54 5.14 0.087 199.1
29.99 4.98 192.2 0.075 13.10 66.07 7.14 0.113 196.0

45.12 5.01 192.7 0.025 3.54 29.50 2.62 0.085 197.4
45.02 4.98 192.6 0.050 6.94 44.67 3.98 0.111 197.0
45.22 4.98 192.7 0.075 9.48 55.90 5.37 0.135 197.9

65.34 5.03 194.0 0.025 1.92 23.00 2.28 0.109 197.2
65.04 5.00 194.0 0.050 4.39 36,33 3.28 0.137 197.6
65.11 5.00 194.6 0.075 6.62 47.29 4.25 0.159 197.9
65.23 5.01 194.8 0.101 8.38 53.02 5.26 0.190 198.3

90.03 5.00 195.1 0.025 1.19 21.50 2.13 0.116 197.5
89.98 4.99 195.3 0.050 2.85 28.94 2.88 0.174 198.2
89.78 4.99 195.2 0.075 4.50 37.40 3.59 0.200 199,1
90.11 4.99 195.4 0.100 6.04 43,99 4.35 0.228 200.0
90.11 4.99 195.4 0.125 7.35 49.22 5.08 0 255 200.5
89.98 4.99 195.5 0.150 8.48 53.71 5.82 0.279 200.4
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APPENDIX E
PER4EA PERFORMANCE ENVELOPE DATA

-.... Nomna1 175°F, 14.7 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (o}) (PPM) (%01) (%) (PSID) (PPM) (OF)

S -ý - -"

20.08 14.72 175.0 0.025 14.30 NA 2.35 NA 173.2
20.06 14.74 174.9 0.050 17.12 71.67 4.09 0.069 173.4

30.13 14.69 175.1 0.025 10.67 NA 2.09 NA 1.74.2
30.14 14.68 175.1 0.050 14.20 62.31 3.44 0.080 174.3
30.07 14.68 175.0 0.075 16.04 70.99 4.83 0.105 173.6

44.99 14.67 175.1 0.025 6.85 NA 1.84 NA 173.7
44,97 14.68 175.0 0.050 10.67 NA 2.87 NA 173.2
45.07 14.72 175.2 0.075 12.84 62.60 3.88 0.119 174.0

65.07 14.70 175.1 0.025 3.98 NA 1.67 NA 173.6
65.22 14.68 175.0 0.050 7.24 NA 2.45 NA 174.2
65.94 14.70 174.9 0.075 9.48 51.23 3.20 0.146 174.7
65.00 14.70 175.2 0.100 11.27 58.39 4.02 0.171 174.8

89.94 14.68 175.2 0.025 2.29 NA 1.54 NA 174.5
90.01 14.6 175.3 0.050 4.75 NA 2.16 NA 175.1
90.an I 4I69 A !7r2 0.0M5 6,80 NA 2.75 NA 175.6
90.20 14,69 176.2 0.100 8,47 49.76 3.36 0.201 175.7
90,21 14.68 175.3 0.125 9.82 55.71 3.97 0.225 176.1
89.87 14.68 175.1 0.150 10.90 59.83 4.57 0.250 175.8
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APPE•DIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 1750F, 5.0 PSIA
r -• -

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN(PSIG) (PSIA) (OF) (PPM) (%02} (2) (PSID) (PFt) (°F)

20.01 4.97 175.0 0.025 10.82 56.04 3.38 0.045 174.7
20.22 4.96 174.9 0.050 14.70 72.56 6.00 0.069 173.8

29.91 5.02 175.0 0.025 7.04 NA 2.70 NA 173.9
29.92 5.01 174.8 0.050 11.32 61.72 4.52 0.081 174.3
29.94 5.00 175.0 0.075 13.80 71.64 6.45 0.105 173.7

45.05 4.98 175.3 0.025 4.06 NA 2.21 NA 173.6
45.01 4.96 175.1 0.050 7.85 51.60 3.48 0.097 174.5
44.92 4.98 175.2 0.075 10.52 60.28 4.75 0.124 173.9

64.87 5.00 175.1 0.025 2.25 NA 1.93 NA 175.2
64.92 5.03 175.3 0.050 5.08 41.44 2.86 0.121 P175.9
64.85 5.03 175.4 0.075 7.44 50.42 3.78 G.149 176.9
64.82 5.00 175.6 0.100 9,19 57.86 4.72 0.174 177.5

89.87 5.00 175.5 0.025 1.33 NA 1.74 NA 176.9
89.94 5.00 175.6 0.050 3.20 NA 2.41 NA 177.9
90.02 4.98 175.3 0.075 5.29 43.16 3.05 0.174 175.19o.n m 5.0n 17r'2 4? ninn A:9 49Q9 3 Aq-Q; 71 n.200 176.1
90.01 4.99 175.3 0.125 8.32 54.52 4.39 0.228 175.8
89.87 5,00 175.1 0.149 9.44 60.06 5.05 0.248 176.7
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APPENDIX E
PERMEA PERFORMANWE ENVEI.OPE DATA

Nominal L50°F, 14.7 PSIA
-r---"-"--- -. .•

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (M02) (S) (PSID) (PPM) (OF)

-ý m m -
19.98 14.71 149.0 0.025 15.56 NA 1.97 NA 147.1
19.99 14.71 149.2 0.050 17.98 80.14 3.58 0.062 147.2

30.03 14.68 149.3 0.025 11.95 NA 1.67 NA 147.7
30.10 14.68 149.3 0.050 15.47 NA 2.97 NA 147.1
30.01 14.63 149.2 0.075 17.04 78.69 4.24 0.095 147.5

44.89 14.73 149.4 0.025 8.11 NA 1.45 NA 146.5
44.92 14.70 149.3 0.050 12.15 NA 2.42 NA 147.7
45.07 14.67 14-9.1 0.075 14.23 70.32 3.35 0.107 147.9

65.13 14.67 149.3 0.025 4.89 NA 1.25 NA 147.1
65.11 14.68 149.7 0.050 8.68 NA 1.97 NA 147.3
64.98 14.68 149.3 0.075 11.15 NA 2.71 NA 147.6
64.99 14.67 149.2 0.100 12.74 67.06 3.42 0.149 147.8

90.04 14.67 149.7 0.025 2.79 NA 1.13 NA 147.7
90.13 14.65 149.5 0.050 5.84 NA 1.68 NA 148.3
89-99 14.66 149.5 0.075 8.22 NA 2.24 NA 149.1
89.98 14.67 149.5 0.100 10.03 NA 2.81 NA 146.4
89.92 14.67 149.4 0.125 11.31 63.79 3.34 0.195 149.1
89.97 14.68 149,4 0.150 12.37 68.26 3.91 0.219 149.5

E-6



APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Ncminal 150 0 F, 5.0 PSIA

PASMIN FrWASTE T-ASM WPROD OXPRODI 0/I DP-ASM WINLEI" TASMIN
(PSIG) (PSIA) (OF) (PPM') U%02) (PINLEITA)S(OF

I (PSID) (PPM) (0Fý

19.98 4.96 149.2 0.025 12.18 NA 2.82 NA 148.1
20.08 5.00 149.4 0.050 15.95 80.07 5.29 0.063 148.9

29.95 5.01 149.6 0.025 8.42 NA 2.19 NA 14-.3
30.17 4.99 149.4 0.053 12.76 71.02 3.89 0.071 147.1
29.98 4.98 149.4 0.075 14.97 73.15 5.66 0.096 148.2

44.89 5.03 149.3 0.025 5.09 NA 1.77 NA 148.6
45.05 5.01 149.5 0.050 9.21 59.12 2.94 0.084 149.5
45.05 5.01 149.2 0.075 11.84 68.51 4.13 0.110 150.1

65.11 5.00 149.6 0.025 2.85 NA 1.46 NA 148.8
65.04 5.00 149.6 0.050 6.32 NA 2.28 NA 148.8
64.98 4.99 149.3 0.075 8.91 59.28 3.12 0.126 149.3
65.09 5.01 J.49.6 0.100 10.75 64.76 3.95 0.154 149.4

90.02 5.01 149.5 0.021 ,66 NA 1.28 NA 149.1
89.96 5.00 149.7 0.050 4.17 NA 1.91 NA 149M1
90.08 5.01 149.8 0.075 6.38 NA 2.51 NA 149.5

^nf n r fi * an 9* n in~lI r-? g 1, 14 a n ¶ I rn r%90.0I8 5.0 14 .4 O.V .18v 57.L o .e .14 U.•, JL1.) .ZO.U
89.94 5.02 149,4 0.125 9.61 62.71 3.75 0.199 150.0
89.89 5.00 149.7 0.150 10.81 66.86 4.39 0.224 150.8

I-
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 1200 F, 14.7 PSIA

PASMIN PWASTE - T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (U0 ) (W) (PSID) (PPM) (OF)

19.96 14.65 119.0 0.025 16.78 NA 1.71 NA 119.3
20.09 14,66 118.9 0.050 18.70 86.01 3.18 0.058 119.6

30.12 14.64 118.8 0.025 13.74 NA 1.41 NA 118.1
30.04 14.66 118.9 0.050 16.73 NA 2.57 NA 118.5
30.03 14,67 119.1 0.075 18.00 85.37 3.73 0.088 119.0

45.00 14.67 119.0 0.025 10.07 NA 1.18 NA 119.3
45.01 14.66 119.1 0.050 13.82 NA 2.05 NA 118.8
45.00 14.67 118.8 C.075 15.67 NA 2.91 NA 119.1

64.98 14.67 119.0 0.024 6.43 NA 0.98 NA 118.5
64.99 14.66 118.9 0.050 10.53 NA 1.64 NA 118.6
64.99 14.66 119.1 0.075 12.87 NA 2.30 NA 119.1
65.05 14.66 119.1 0.100 14.35 74.44 2.96 0.134 120.2

89.9b 14.68 119,3 0.025 3.98 NA 0.86 NA 119.3
89.95 14.68 119,1 0.050 7.64 NA 1.37 NA 119.7
89.89 14.67 119.3 0.075 10.05 NA 1.87 NA 120.2
89.89 14.67 119.1 0.100 11.79 RA 2.37' NA i20.4
89.78 14.65 119.0 0.125 13.08 NA 2.87 NA 120.8
89.99 14.64 119.1 0.150 14.08 76.14 3.38 0.197 121.0

i4

II _ _
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 1200 F, 10.0 PSIA

PASMIN PWASE -E T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) (OF) (PPM) (%02) (M) (PSTD) (PPIK) (OF)
- -' - -i - - m iB--" TOna vj

19.94 10.06 119.0 0.025 15.89 NA 2.00 NA 118.2
19.97 10.10 118.9 0.050 18.24 85.50 3.69 0.058 117.3

30.04 10.05 118.9 0.026 12.79 NA 1.58 NA 119.0
29.89 10.06 118.8 0.050 16.09 NA 2.85 NA 119.1
30.08 10.01 118.3 0.075 17.46 85.56 4.11 0.087 L18.5

45.12 9.93 117.0 0.025 8.81 NA 1.24 NA 117,5
45.08 9.97 119.1 0.050 12.93 NA 2.17 NA 118.3
44.98 10.01 119.1 0.075 15.02 78.07 3,12 0.096 119.4

64.95 9.95 118.2 0.025 5.59 NA 1.01 NA 119.4
64.99 9.97 119.2 0.050 9.82 NA 1.73 NA 118.8
65.09 10.01 118.6 0.075 12.20 NA 2.39 NA 119.3
65.32 9.98 118.8 0.101 13.81 75.51 3.10 0.133 118.7

90.05 9.97 119.2 0.025 3.30 NA 0.90 NA 118.4
89.97 9.99 119.0 0.050 6.82 NA 1.43 NA 118.8
90.01 10.01 118.9 0.075 9.26 NA 1.94 NA 119.2
89,97 01.98 118.8 0.100 11.07 NA 2.47 NA i.
90.02 10.01 118.9 0.125 12.43 71.64 3.00 0.174 119.4
89.97 9.98 118.7 0.150 13.45 75.49 3.52 0.198 119.2
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal 1200F, 5.0 PSIA

PASMIN PWASTE T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN
(PSIG) (PSIA) ((F) (PPM) (UO2) (%) (PSID) (PPM) (OF)

20.10 4.98 119.7 0.025 13.75 NA 2.29 NA 11S.4
20.02 4.99 119.5 0.050 17.04 87.80 4.48 0.057 115.5

29.91 4.99 119.6 0.025 10.41 NA 1.81 NA 116.2
30.08 5.08 119.6 0.050 14.47 78.26 3.27 0.064 116.8
30.00 5.03 119.6 0.075 16.36 84.94 4.84 0.088 117.8
30.01 5.03 119.7 0.100 17.46 88.76 6.49 0.113 118.9

44.99 5.01 119.6 0.025 7.01 NA 1.38 NA 116.7
45.03 4.97 11S.4 0.050 11.32 NA 2.42 NA 117.0
44.95 4.99 119.8 0.075 13.70 77.40 3.47 0.097 118.2
45.01 4.99 119.5 0.100 15.14 82,18 4.51 0.121 119.1
44.88 4.99 119.5 0.125 16.15 85.14 5.61 0.146 119.9
45.08 5.05 119.5 0.150 16.90 87.58 6.75 0.171 121.3

64,97 5.01 119.6 0.025 4.32 NA 1.09 NA 118.7
64.93 4.98 119.4 0.050 8.37 NA 1.83 NA 118.1
64.96 5.02 119.5 0.075 10.95 NA 2,57 NA 118.8
65.03 5,02 119.5 0.100 12.68 75.03 3.31 0.133 119.6
64.95 5.03 119.3 C.125 13,94I 79.20 4.08 0.158 120.4
er Ar 5,An IAn ' A 1CA 1A AA 1 QA A A n. .1A7 191_1

90.12 5.04 119.4 0.025 2.39 NA 0.90 NA 116.8
90.03 5.00 119.4 0.050 5.82 NA 1.46 NA 117.6
90.12 4.98 119.4 0.075 8,43 NA 2.02 NA 118.8
89.97 5.00 119.5 0.100 10.23 NA 2.56 NA 119.7
89.92 4.98 119.6 0.125 11.71 72.38 3.12 0.173 120.2
90.11 4.99 119.5 0.150 12.78 75.72 3.65 0.198 121.3

E-1O
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

Nominal_1200 F, 2.0 PSIA

PASMIN PWASTE •T-ASM WPROD OXPROD 0/I DP-ASM WINLET TASMIN

(PSIG) (PSIA) (OF) (PPM) (%02) (M) (PSID) (PPM) (OF)
-I -9Iu 9-'-

20.00 2.0] 119.6 0.064 16.69 92.71 6.60 0.069 119.6
20.14 2.00 119.5 0.050 15.78 66.15 5.21 0.058 121.6
19.95 2.06 119.5 0.025 12.14 NA 2.69 NA 112.3

30.00 2.02 119.6 0.025 8.77 NA 1.97 NA 113.9
30.08 2.02 119.8 0.050 13.11 76.43 3.66 0.065 117.2
29.95 2.01 119.6 0.075 15.36 83.42 5.44 0.090 117.0

44.97 2.02 119.8 0.025 5.34 NA 1.50 NA 114.8
45.04 2.02 119.8 0.050 10.10 NA 2.59 NA 114.4
44.98 2.02 119.8 0.075 12.74 76.29 3.73 0,099 114.1
44.99 2.01 119.6 0.100 14.40 81.30 4.87 0.123 113.9
44.99 2.01 119.6 0.125 15.63 85.11 6.03 0.147 112.1

60.00 2.02 119.8 0.025 3.76 NA 1.20 NA 120.8
65.02 2.02 119.5 0.050 7.72 NA 1.89 NA 106.0
64.96 2.01 119.4 0.075 10.49 NA 2.65 NA 105.2
64.96 2.01 119.4 0.100 12.37 75.24 3.42 0.133 104.6
65.03 2.01 119.2 0.125 13.70 79.61 4.18 0.157 104.5
65.04 2.00 118.9 0.150 14.79 83.01 4.91 0.180 103.6

89.97 1.99 119.0 0.025 2.29 NA 0.90 NA 117.1
90.12 2.04 119.2 0.050 5.42 NA 1.49 NA 118.0
89.88 2.02 119.1 0.075 7.99 NA 2.04 NA 118,3
89.95 2.01 11.9.2 0.100 9.89 NA 2.62 NA 119.4
89.95 2.01 119.1 0.125 11.27 71.70 3.18 0.174 120.6
89.95 2.01 119.3 0.150 12.35 75.68 3.79 0.198 121.5
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APPENDIX E
PERNEA PERFORMAKACE ENVELOPE DATA

PERMEA ASM
"200 F, 14,7 P5IA
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APPLNDIX E

PLRI4EA PERFOHMANCE ENVELOPE DATA

PERMEA ASM
200 f. 5 PSLA

14- 20 PS
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

PERMEA ASM
1 A8 F. 14.7 PSIA

17--W -- P-= _

14'-

.• 12 ...
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

PERMEA ASM
175 F. 5 PSLA

15-

13--
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AP1PENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

PERMEA ASM
150 F. 14.7 PSA

16 --- •- 4 ,-- lO---
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APPENDIX E
PER:MEA PERFORMANCE ENVELOPE DATA

PERMEA ASM
150 r. 5 PSIA

.16- 1 1

13
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APPENDIX E
PER iEA PERFORMANE ENVELOPE DATA

PLERMEA ASM
120 F. 14.7 PSLA

1e 
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APPENDIX E
PER14EA PERFOPMNCE ENVELOPE DATA

PERMEA ASM
120 F. 10 PSIA19 [I
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

PERMEA ASM
120 F. 5 PSIA
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APPENDIX E
PERMEA PERFORMANCE ENVELOPE DATA

PERMEA ASM
120 F. 2 PSIA
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APPENDIX F - Per-ea Waste Flow Model

During the Permea performance envelope testing, inlet flow wds sometimes too .
low to be measured with the inlet flow meter. When this occurred, data was

recorded as zero flow and is shown as NA (Not Available) in the tabular data.

Unfortunately this occurred for a large portion of the recorded data points.

In order to prepare meaningful plots of recovery versus a reasonably

accurate method of estimating waste flow (and then calculating recovery) was

devised.

The waste flow for any membrane based ASM will be a strong function of the

average pressure difference across the fiber wall. This pressure difference

was directly measured during these tests at the inlet to the ASM.

Compensating for half of the pressure drop down the bore of the fiber will

yield the average differential pressure. With these relationships in mind, the

Following model was derived:

Wwaste Ax P.,16 + B x (W/Ppsla) + C

where Ppsg = ASM Inlet pressure referenced to waste, PSIG.

Ppsia ASM inlet absolute pressure, PSIA.

W Product flow rate, PPM.

and "-

@120 0 F @150°F @175 0 F @200 0 F

0.0005675 0.000676 0.00117 0.001526
-1.03049 0.75362 0.57262 1.66704

C =-0.0017 -0-0064 -0.0054 -0,01131

Once waste flow is known, inlet flow and recovery can be calculated from

product flow as followst

Recovery = - - d - x 100

Wprod + Wwaste

The accuracy of this model is demonstrated on the following pages for

conditions where recovery could be measured. This model proved to be

completely adequate for predicting recovery at the operating points where Inlet

flow was too low to be metered.

F-1
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PERMEA WASTE FLOW MODEL
120 F
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APPENIIX G - Inlet Air Contamination

Since the A/G ASM exhibited a sensitivity to inlet air contamination In the

form of zynthetic oil Xap;C, it is of interest to compare the test air

contamination with the contamination that might be expected in tho bleed air of

actual military airplanes. Reference I provides a thorough treatise on bleed

air contaminants, including particulates, liquids (aerosols), and vapors.

Regards particulates and aerosols, these must b. completely filtered since the

membranes will be most probably be plugged or coated by anything other than

gases. It is not reasonable to expect an ASM to operate %ith these inlet air

contaminants present. In short, good high efficiency filters must be assumed

on the inlet to all membrane ASMs. These filters are also discussed in soma

detail in Reference 1 and should not impose significant weight penalties.

A normal airplane environment may include exposure to hydrocarbon vapors from

oil, combustion products and fuel vapor. Of tnese* oil vapor from vaporized
x~nd/•r +harmallv Aanrxriad annina nil Ic Pnncid~rod ÷hA rn.t nr'nh~hlA cnia.rA ^f

vapor contaminants. Oil is usually introduced into the compressor section of r-M

the engine via oil seal leaks and subsequently converted to vapor. Compressor

temperatures can easily exceed 1000°F in modern high performance engines.

One scenario for oil leaks is that of seepage past the seals while the engine

is not operating (standing overnight for example). On each engine start, a

"slug" of oil vapor will be introduced in the bleed air system. This could

occur on a regular basis without signaling a problem to maintenance personnel.

Another oil leak scenario involves admittedly infrequent but relatively major

oil leaks during flight. An oil leak large enough to introduce significant

quantities of oil vapor into the bleed system ccul• occur infrequently for

short periods of time (before the flight can be ended and repairs made).

However, it is probably unacceptable to allow this type of engine malfunction

scenario, regardless of how Infrequent, to damage the ASM.

From research into contaminant levels considered acceptable from the current

engine specification standpoint, it is interesting to note that the maximum

allowable limit for oil breakdown products is 1.0 part per nmllion (Table G-1).
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-Note in Table G-i that the hydrocarbon corcentrations during a sever oil leak

test were over 100 parts per millien. Considering the magnitude of this oil

leak (0.! GPR) this concentration is surprisingly low and Is primarily achieved

througI the use of center bleed extraction points (expected on all modern

engines). Engine manufacturers indicate that hydrocarbons of any type will

not be measurable (less than 0.5 parts per million) in the bleed air of

properly maintained modern ongines (excepting start-up).

Table G-1. Comparison of Bleed Air Contaminants

Allowable Measured Advanced
Limit in CFM-56 Oil ASM

as per Leak Test Performance
MIL-E-5007D (Reference 10) Evaluation

Substance (PPM) (PPM) (PPM)

Carbon Dioxide 5000.0 320 Ambient

Carbon Monoxide 50.0 37
Et~hanol 1000.0 ND-

Fluorine (as HF) 0.1 Not Measured
Hydrogen Peroxide 1.0 0.5 -

Aviation Fuels 250.0 2.0 -

Methyl Alcohol 200.0 ND-

Methyl Bromide 20.0 ND"
Nitrogen Oxides 5.0 1.3 -

Acrolein 0.1 0.7 -

Oil Breakdown Products 1.0 ND-

Ozone 0.1 NDO -

Hydrocartons (Lube Oil, Not Listed 122.0 3/9""
hvdraulic fluid,
cleaning fluids)

Glycol Not Listed Not Tested

"ND - Non-detected (less than 0.5 PPM)
"" With/Without Carbon Filter

PPM - Parts per million

Engine manufacturers typically use Flame Ionization Detectors (FID) to measure

total hydrocarbons In bleed air. This device essentially counts carbon-

hydrogen bonds. The analyzer is not :specific and is usually calibrated on

methane with measured concentrations given as methane equivalent.
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The presence of a detectable odor in the air supply and on the ASM itself

prompted an investigation of the inlet air contamination during these tests.

The source of the odor was found to be thermal degradation pioducts of the

synthetic compressor lubricating oil used in the supply air compressor (Anderol

750). Prior to this Investigation# the air supply was considered to be "clean"

and essentially free of any contamination due to the low vapor pressure

synthotic lubricant used in the air compressor and the high quality multi-stage

partIculate/coalescer filters located on the compressor outlet and ASM inlet.

This oil was an ester based synthetic lubricant (similar to the NIL 7808 engine

oil used in military airplanes) with no detectable odor and an extremely low

vapor pressure ( 10-5 mm H1 at room temperature, virgin oil). This vapor

pressure equates to a theoretical concentration of 0.1 parts per billio in the

air supply. However, the small quantity of oil that migrates past the piston

rings of the compressor is apparently undergoing thermal degradation at the

temperatures encountered in the compression chamber (estimated at 350°F or

higher). The small quantity of liquid oil which is extracted with the

condensate from the compressor discharge air has the same characteristic odor
aS that A.etaCtG- oLn .h ASM

169 %,SQ U EI ý 1641a AS&F.

There were four methods used to ascertain the levels of test air contamination:

o Smell

o Carbon filter weight gain

o FID

o Gas Chromatograph/Mass Spectrometer (GC/MS)

When the carbon filters were installed on the inlet to the ASM, no odor could

be detected downstream of the filters whereas a definite strong odor was

present upstream. While the air downstream of the carbon filter was odor free,

it could have still contained slight amounts of the upstream contaminants

either below the detection threshold or odorless.

During the endurance testing, the carbon filters were periodically weighed and

found to increase in weight as a direct linear function of total mass of air

passing through the filters. Using delta weight divided by the cumulative mass

of air passed through the filter, an approximation o- Inlet air contamination

could be calculated assuming that the carbon filters were removing most of the
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the contaminants. These calculations yielded a rough average concentration of

3 parts per million by mass. The following chart shows the weights of both

filters versus cummulative mass of air through the filters. Note that the

first filter removee virtually all contaminants that could be absorded by the

carbon since the second filter did not show any significant weight gain.

CARBON FILTER WEIGHT GAIN
1.156 -

1.15 4 j

1.14 -

1.13

! 1.12

1.05

1.07 - --- -- -

1.06 __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - 4m"
0 10 20 30 40

(Thourands)
CUMMULATIVE WEGHT OF AIR THROUGH FILTERS (LBS)

1,mLl 0A A miLTEI 02_-.... . ..-.... -

An FID was used to quantify hydrocarbon levels in and out of the carbon

filters. A Beckman Model 402 FID was calibrated on methane and used according

to ARP 1256A with the following results:

Average Concentration
Sanple Locatin (E.rts per mllion_ as CHQl

Filter 11 Inlet 9.3

Filter 12 Intlet 3.1
Filter 12 Iutlet 2.8
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Note that the first carbon filter removed the vast majority of what it was

capable of adsorbing since little difference was seen between the outlet

concentration of the two carbon filters. This also confirms the filter weight

data. Since the analyzer is not specific, the remaining nominal 3 parts per

million that was still entering the ASM could not be identifteo but is

suspected to be lower molecular weight hydrocarbons. The carbon filter

manufacturer specifies that most C3 and lighter hydrocarbons will not be

adsorbed by the carbon. The vapor adsorption performance of the carbon filter

is described by the manufacturer as follows:

Good To Excallepi AdsroCtio 11 OL~scklj

Most C4 and heavier hydrocarbons Carbon Monoxide

Ketones Carbon Dioxide

Alcohols Amines

Esters Ammonioa

Ethers Acetylene

Organic acids Most C3 and lighter hydrocarbons

Chlorinat3d organics Sulfur Dioulde

Freons

All aromatic hydrocarbons

Carbon disulfide

Attempts to further identify the exact nature of the inlet air contaminants

using GC/MS analysis produced results In marked conflict with the above data.

The C_/MS analysis rannrted contamtnantq +ntaltnn lsq thAn 1 Part PAr Atllinn

and Identified them as halogenated solvents. This data Is considered to be

flawed due to its disagreement with the less. specific but high confidence FID

and carbon weight gain data.
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APF•NDIX H - Bleed Air System Weight Penalty Models

In order to evaluate airplane weight penalties associated with bleed air

usage, the equipment weights required to deliver and cool the bleed air must be

estimated. This task becomes complicated by the fact that bleed air systems

can vary widely between types of airplanes. In an attempt to develop

meaningful weight estimates, bleed air delivery and cooling systems of several

different sizes were designed and empirical models developed to approximate

their weights. Two different types of airplanes were used for this analysis,

an ATF (sustained supersonic fighter) and a subsonic transport. It was felt

that the supersonic fighter would represent the highest bleed cooling penalties

and the transport the least due to the inherent difficulties rejecting heat in

a supersonic airplane with high stagnation air temperatures.

findricM

Using the weight estimates originally oeveloped in Reference 9 for a generic

ATF design, a weight model was derived that would account for varying bleed

flow and ASM inlet temperatures (Figure H-1 and H-2). Note that there are two

versions of the system design based on the need for further cooling below

170 0 F. The empirical weight models for individual components are listed below.

h• u-Awlicablo IQ Te meralure Svstem

Pre-Cooler Growth = e(O78Ln(W+15) + 0.3632) - 11.87

Bleed Duct Growth = e(0.8Ln(W+15) + 0.9339) - 22.81

OBIGGS Supply Duct - e(O484Ln(W) - 0.0713)

where W = Bleed Air Flow Rate, Lbs/Min

Weights for OWIGGS Qpgratiag CgelowX1700 F

Primary HX Growth - e(O.75Ln(W+i5) + 0.2097) - 9.4
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Secondary HX - [e065Ln(W) + 0.8905)] x [(170 -T)/75] 0 . 6 6

ECS Growth = Ee(O.794Ln(W) + 0.9512)j x [(170 -T)/75) 0 *6 6

where T a OEIGGS Inlet Temp, OF

(Jsaa Than 1700F)

Wa•olht for OUIGGS Operating Above 1720 F

Primary HX Growth a [e(O'75Ln(W+15) + 0.2097) - 9.4) x [(450 -T)/280]0.66

where T - OBIGGS Inlet Temp, OF

(ograltr..tIa 170 0F)

Secondary HX = 0

ECS Growth = 0

amo~r1c. IAnsonr

The weight estimates shown in Figure H-4 are based on a hypothetical baseline

transport type airplane (Boeing C-X). An OBIGGS bleed air delivery system

configured as shown In Figure H-3 was chosen for its simplicity and dependence

on low stagnation temperature ram air for heat rejection. The ram air heat

exchanger was designed for operation at altitude.
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1.0 Introduction

For the past several years, Sunstrand Pneumatic Systems and Permea
have been actively developing hardware to introduce inert gas gener-
ation equipment onboard aircraft for the purpose of fuel tank inerting. r
With recent technology advances by Permea in the development of a
highly efficient, durable air separation membrane, it can now be
shown that an OBIOGS unit incorporating this technology provides the
lowest life cycle cost alternative when compared with technologies such
as reticulated foam, stored liquid nitrogen or molecular sieves. In
addition, this system in most cases will offer the lowest aircraft
weight penalties and bleed air requirements for both the on demand and
stored gas OBIGGS unit.

Permea, a Monsanto Company, is the world's largest supplier of membrane
gas separation equipment with more than 250 systems operating world-
wide. More than 100 of these systems are used for the separation of
air for nitrogen production. The hollow fiber membrane manufactured by
Permea has both high temperature and high pressure capabilities and is
produced in 2", 3", 4", 6" and 8" diameter units. The membranes have
demonstrated excellent efficiency and reliability in critical indus-
trial applications.

In order to provide the aircraft manufacturer with a complete onboard

Pneumatic Systems (SPS) in San Diego, California. SPS has provided
sophisticated aerospace products for many years which in many cases has
involved Integration of a multitude of technologies. With SPS's
capability to design high pressure compressors, pressure regulators,
controllers, heat exchangers and fans along with Permea's ability to
produce advanced hollow fiber membranes, we are able to offer the
complete OBIGGS unit.

2.0 Permea ASK

2.1 ASK Description

The ASM supplied to BXAC on a loan basis was produced at Permea's
manufacturing facility in St. Louis, MO. The ASM was a single PRISM
Alpha separator which was a nominal 2" diameter and 30" long. This
particular separator was dlsigned for high pressure industrial use.
The suggested operating envelope for this unit is shown by the shaded
region In Figure 1. The general specifications are shown below.

General Specifications

Overall ASM Length 30 in.
Overall ASM Diameter (OD) 2.4 In.
Overall ASK Weight 3.6 lbs.
Active Fiber Length 20.5 in.
Fiber Weight 0.4 lbs.
Tube Sheet Weight 0.7 lbs.
Case Material Fiberglass
Tubesheet Retainer 0.5 lbs.
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FIGURE 1

Because the unit was designed for high pressure operation, the
materials required for the tubesheet and casing were considerably
heavier than that required for the low pressures used during the test.
NO attemPt wan made to minimize the weight since the separator was
provided on a loan basis. Given that the maximum pressure of the test
was P0 psig, significant reductions in the weight are possible. Also,
to produce higher flowrates, larger diameter AS~s would be employed to
save weight and to avoid the complications of multiple small diameter
units. It is sometimes very difficult to establish equal flowrates to
multiple units particularly when the total flowrate rnd pressure may be
changing as Is the case as an aircraft goes through various missions.

2.2 Principle of Operation

PRISM Alpha semipermeable membranes employ the principle of selective
permeation to separate gases. Each gas has a characteristic permeation
rate which is a function the its ability to dissolve and diffuse ecross
the membrane wall. If a gas, such as oxygen and water, has a high
solubility and dlffusivity, it will permeate acrcss the membrane
rapidly and Is termed a 'fast' gas. Other gases, such as nitrogen, are
not as soluble nor do they diffuse as rapidly. As a consequence,
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nitrogen permeates more slowly and is referred to as a 'slow' gas. The
difference in permeation rates allows the fast gas (oxygen and water)
to be separated from the slower gases (nitrogen and argon).

PRISM Alpha separators are bundles of these semipermeable membranes
formed into hollow fibers. Hollev fibers are the most effective way of
providing high membrane area per unit volume. Thousands of these
hollow fibers in each separator provide maximum separation area in a
compact, lightweight, easily handled module. The hollow fiber bundle
is encased at each end by a tubesheet. The bleed air is fed to one end
of the tubesheet and introduced to the boreside of the hollow fibers.
As the air travels the length of the fibers, the oxygen and water are
removed preferentially across the fiber wall creating a dry nitrogen
enriched air (NEA) stream within the fiber. The NEA stream is
collected at the tubesheet opposite the feed end. The oxygen enriched
stream collected on the outside of the fiber surface is vented.

2.3 Performance Characteristics

The polymer used to make PRISM Alpha separators is the thermoplastic
polysulfone. This polymer has a high inherent separation capability
which allows PRISM Alpha separators to produce NEA gas with high
efficiency. Thia minimizes the quantity of bleed air required to feed
the ASH and the associated conditioning of that air. The efficiency of
PRISM Alpha nitnt are unmatchped by any nth mab-ran soprter.

The efficiency Is not only high but can be achieved with high bleed air
temperatures. The operating temperature of 250 F greatly reduces the
required conditioning of the bleed air prior to introduction to the
ASH.

The performance of PRISM Alpha at high temperatures is possible because
poliulfone has a glass transition temperature of approximately 375 F.
This transition temperature represents the point at which the polymer
begins to soften and lose Its rigidity and strength. No other membrane
material being offered today has the thermal and mechanical strength
of polysulfone. Table 1 shows these properties in comparison with the
other membrane materials currently In use or envisioned for the
industrial market.

The performance of the ASM is greatly enhanced by increasing the bleed
air pressure to the unit. The driving force for separation in the
membrane Is the partial pressure difference across the membrane wall.
By increasing the feed pressure, the partial pressure driving force is
increased resuutIn% in an increased rate of oitygen removal per unit
area. This allows for a significant decrease in the amount of area
required to perform the required separation.

2.4 Availability

The first PRISM separator was put into service In an industrial
environment in 1977. Since then, over 250 systems, each consisting of
several separators, have been placed in service, As a result, Permea Is I
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TABLE 1: Polymer Properties

Property Polysulfone Ethyl poly(4methyl -ot
Cellulose pentene 1) _m

Water Absorption 0.22 0.8 - 1.8 0.1 (est.)
(%) ASTM D-570

Feat Deflection Temp. 174 46 - 88 58
(C) ASTM D-648

Flexural Strength 10.35 2.03-7.98 3.48-4.06
(lOOOpsi) ASTM D-790

Tensile Modulus 363 102-305 159.5-203.0
(IQOOpsi) ASTM D-638

Glass Transition Temp. 190 43 19 - 29 **

(C)

Percent Elongation at 50-100 5-40 23-22
Failure ASTM D-638

Data taken from Polymer Handbook, 21od Edition, 1975, J. Brandrup and E.

H. Immergut, Editors, John Wiley & Sons. New York.

* Data from "Aircraft Fuel Tank Inerting System", Report AFWAL-
TR-82-2115, R. L. Johnson and J. B. Gillernin, AiResearch Mfg. Co.,
July 1983.

the largest supplier of industrial gas separation systems in the world.

A second generation of membrane separator called PRISM Alpha was
Introdured in 1986 and has been in fullscale production since that
time. Over 100 systems have been sold and delivered in less than a
year, many times over the nearest competitor.

3.0 PMC Test Results

3.1 Performance Testing

The data collected Indicates that the Permea ASH at 200 P has a
productivity of approximately five times better than older technology
bnsed on the method of calculation. The productivity can be increased
to ten tls,. better by operation at high temperatures as was verified
in subsequent xests. The Permen ASM also demonstrated high efficien-
cies which reduce the bleed floarate required for ASK operation.
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3.2 ASM Endurance Testing

The data collected during the tests showed an initial decline in
performance followed by a stabilization of rate. The rate of decline
after the initial period without the carbon filter was about 3 to 4
per 1000 hours. This information is consistent with Permea's indus-
trial experience in dirty, oil contaminated streams. Our experience
has shown that, at the low pressures used In this test, the rate of
decline would be reduced to I to 2 % per 1000 hours with a clean air
stream.

However, the initial decline observed in the endurance test is not
consistent with the data collected in more than 100 operating systems.
In addition, if this decline were as significant as indicated, the data
collected during the performance envelope testing should have shown an
indicat!on of changing performance when in fact the data was very
consistent. This decline is likely the result of an anomalous
occurrence during the startup of the endurance test setup. Based on a
post test examination, the most likely scenario was introduction of
liquid oil into the system.

The most likely location for introduction of liquid oil was from the
heater used to preheat the air prior to the ASM. The heater was
located between the filter and the ASM. If any free oil had collected
in the heater, the oil would ha,ýe carried over into the ASM as the
temperatro in the heater inerpapd Rigure 2 ahnwn thP eXpeCted
performance decline at the pressure and temperature of this test. This
curve is based on the operating experience of over 100 industrial
systems, many of which operate at higher pressures. In addition,
Figure 2 includes a projected curvc for operation at 250 F.

3.3 High Temperature Tests

At the conclusion of the performance and endurance testing, Permea and
BMAC agreed to conduct additional high temperature tests. We felt that
these tests were necessary to determine the feasibility of operation at
higher temperaturet (>200 F) and to determine the margin .f safety
at these higher temperatures. It is important that the ASM continue to
function if fluctuating or increased temperatures result during a given
mission.

The data collected demonstrated that no permanent damage occurred to
the ASM until temperatures greater than 280 F were reached. This
suggests that operation at 250 F may be quite practical and still
provide 30 F safety margin. This higher temperature operation results
In a significant weight penalty reduction for the bleed cooling system.
In addition, the productivity (produced NEA flowrate) increases by
approximately 50s at the higher temperatures. This is a 10 fold
Increase over the baseline data collected with older technologies.

4.0 Post Test Evaluation

After completion of all the tests, the ASM was returned to Permea for
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examination and analysis. Upon inspection, the ASM was found to
contain a large quantity of oil on both the feed and waste side of the
fiber. The quantity present was larger than typically expected for

analysis of oil precent in the air. This suggests that additional
quantities of liquid oil mere introduced at some point during the
testing, possibly through the startup of the new endurance test system.

A minor shr.iukage of the fiber- was observed as a result of exposure to
300 F. Even at these high temperatures, there was no obvious thermal
damage to the fiber. One problem observed with the high temperature
operatlio was a degradation of the o-ring seal between the waste and
feed side of the tubesheet. This problem can be corrected by changing
the material of the o-ring.

After inspection, the unit was tested to obtain performance data. The
unit showed a 30% decline in productivity with no change in efficiency
relative to tests prior to shipment. This seemed remarkable given the
high temperature operation and the quantity of oil present. An attempt
was made to remove the oil with solvent treatment to measure any
performance improvement. After cleaning, the productivity improved by
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10 15% with no change in efficiency.

5.0 Conclusions

5.1 The Permea ASM demonstrated the ability to produce five to ten
times the baseline NEA flowrate depending on the temperature of
operation.

5.2 The Permea ASM showed high efficiencies over the entire range of

oxygen concentrations examined. These efficiencies result in low bleed
air requirements to produce a given NEA flowrate.

5.3 High temperature operation was demonstrated at 200 F and the
data collected at higher temperatures suggests that operation as high
as 250 F is practical. This further reduces the weight penalties
associated with bleed air conditioning equipment.

5.4 As a result of the high operation temperatures and high efficien-
cies, the weight penalties for the Permea/Sundstrand OBIGGS urit are
greatly reduced.

5.5 Permea can produce ASM diameters up to 8" in diameter. This will
significantly reduce the scaleup and development expenses of the ASM.

6.0 Recommendations

6.1 Conduct further testing to verify the long term operation
capability of the ASH at 250 F.

6.2 Future tests should be conducted only on full scale ASH units as
proposed for actual flight conditions.

PRISM is a registered trademark of Monsanto Company.


